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Ac acetyl 
acac acetylacetonate 
AcOEt ethyl acetate 
Anal. elemental analysis 
aq. aqueous 
Ar aryl 
Bu butyl 
sBu sec-butyl 
tBu tert-butyl 
Calcd. calculated 
cod 1,5-cyclooctadiene 
Cy cyclohexyl 
d day(s) 
dba dibenzylideneacetone 
DIPP 2,6-diisopropylphenyl 
DME 1,2-dimethoxyethane  
DMF N,N-dimethylformamide 
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E Entgegen 
EDG electron-donating group 
Eq. equivalent 
Et ethyl 
EWG electron-withdrawing group 
h hour(s) 
HRMS high resolution mass spectrometry 
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IR infrared spectroscopy 
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lit. literature 
Me methyl 
Mes mesityl 
min minutes 
mp melting point 
MS mass spectrometry 
Ms methanesulfonyl 
N normality 
NHC N-heterocyclic carbene 
NMP N-methyl-2-pyrrolidinone 
NMR nuclear magnetic resonance 
p- para- 
Ph phenyl 
Pr propyl 
iPr isopropyl 
quant. quantitative yield 
rt room temperature 
SIPr N,N’-bis(2,6-diisopropylphenyl)dihydroimidazolin-2-ylidene 
SIMes N,N’-dimesityldihydroimidazolin-2-ylidene 
TBAF tetrabutylammonium fluoride 
TBS tert-butyldimethylsilyl 
Temp. temperature 
Tf trifluoromethanesulfonyl 
TFA trifluoroacetate 
THF tetrahydrofuran 
TOF turnover frequency 
Ts p-toluenesulfonyl 
XPhos 2-(dicyclohexylphosphino)-2’,4’,6’-triisopropyl-1,1’-biphenyl 
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序章 
 
 戦後の医薬品工業，化学工業において，有機化学の進歩が及ぼしてきた影響は非常に大きい
といえる．その中でも，遷移金属化学の寄与は大きく，特に，ここ 20，30 年のパラジウム金属を用
いた反応の発展にはめざましいものがある．1970 年代初頭に報告された溝呂木－Heck 反応を
はじめとして，1) 鈴木－宮浦カップリング反応2) や右田－Stille カップリング反応3) など，非常に
有用な炭素－炭素結合形成反応が次々と報告された. また，1995 年に Buchwald や Hartwig 
らにより報告された芳香族ハライドのアミノ化反応4) も，効率的な炭素－窒素結合形成反応として
大きな注目を集めた．これらの手法により，炭素－炭素および炭素－ヘテロ原子結合形成を効率
的に行うことができるようになり，その結果古典的合成に比べて，極めて短工程で医薬品，天然物
を合成することが可能になった．最近では，それまで困難であった不活性な sp3 炭素－ハロゲン 
[C(sp3)−X] 結合の活性化を利用したパラジウム触媒によるクロスカップリング反応も報告されてお
り，5) その有機合成への応用も期待されている． 
 さて，これらパラジウム触媒反応において，その進行には特にリガンドの選択が重要である．一般
的に，遷移金属触媒を用いたクロスカップリング反応のメカニズムは，ハロゲン化物の金属への酸
化的付加に始まり，その後，トランスメタル化に続く還元的脱離，あるいは炭素－炭素不飽和結合
の挿入に続く β-水素脱離という触媒サイクルで説明できる (Figure 0-1)．その各段階において，リ
ガンドの立体的・電子的性質が反応性に大きく影響を与えるため，それぞれの反応の進行に適し
たリガンドを用いる必要がある． 
M1
R-X
R
M1
X
R'-M2
R
M1
R'
R"
R
R"
M1
X
H
M1
X
R R'
R
R"
HX
Figure 0-1. General Mechanism of Transition Metal-Catalyzed Cross-Coupling Reactions
M1 = Pd, Ni, etc.
M2 = Mg, B, Sn, Si, etc.
X M2
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 これまでリガンドとしては，特にホスフィンが多用されてきた．現在様々な構造を有するホスフィン
リガンドが入手可能であり，立体的・静電的に幅広い性質を持った触媒系を構築することができる．
しかしながら，ホスフィンリガンドを用いる場合，空気中での不安定性からハンドリングが問題となる
ことがあり，また高温条件下では，炭素－リン結合が開裂し失活するという報告もある．6) 以上の点
より，より安定かつ触媒活性の高いリガンドの開発が今なお必要であるといえる． 
 一方で近年，遷移金属触媒反応において，N-ヘテロサイクリックカルベン (NHC) がリガンドとし
て大きく注目されている．NHC は Figure 0-2 に示すイミダゾール及びその還元体より導かれる
化合物で，1991 年に Arduengo らによって安定なフリーカルベンとして単離可能であることが報
告された．7) その後，種々の置換基 (R in Figure 0-2) を持った NHC が, 高い熱安定性を有し，
またその求核的な 2 電子シグマドナー性により，アミンやホスフィンなどと同様に金属に配位する
性質を持っていることが明らかとなった．そして，この NHC をリガンドとして利用することにより，特
にパラジウム触媒反応において，活性の高い触媒系が見出されている．溝呂木－Heck 反  応，
8) Buchwald-Hartwig アミノ化反応，9) 右田－Stille カップリング反応9b,10) のほか， 最近では，
不活性なアルキルブロミドを基質とする薗頭反応11) やアルコールの酸化反応12) などにも適用さ
れている．  
以上のように，NHC は反応性，安定性の面からホスフィンリガンドに代わる “ホスフィン・ミミッ
ク” として非常に有用であると考えられるが，やはりこれらを用いた反応でも無水条件を必要とする
場合が多い．Nolan らはこの問題を解決するため，Figure 0-3 に示すような空気中でも安定に取
り扱い可能な NHC 由来パラジウム錯体を合成し，厳しい無水条件を用いることなく，芳香族アミ
ノ化反応やケトンの α-アリール化反応などを効率的に行っている．13) 
 
Figure 0-2. N-Heterocyclic Carbene (NHC)
NN RR NN RR
IPr: R = 2,6-Diisopropylphenyl
IMes: R = Mesityl
IAd: R = 1-Adamantyl
SIPr: R = 2,6-Diisopropylphenyl
SIMes: R = Mesityl
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 ところで，前述のように，パラジウム触媒を用いる溝呂木－Heck 反応は非常に有用な炭素－炭
素結合形成反応の 1 つであり，医薬品合成，天然物合成，および機能性分子の構築など多分
野において活発に用いられている．近年になってもその触媒系についての検討が幅広くされてお
り，Figure 0-4 に示すようなパラジウム錯体 (a and b) を用いた反応も報告されている．14) これら
の錯体は高い熱安定性を持ち，同時にそれぞれにおいて高い TON が実現されている．さらに， 
Pd2(dba)3/tBu3P (c in Figure 0-4) という触媒系を用いることで，より不活性な芳香族クロリドの反応
が，室温で円滑に進行することも見出されている．15) しかしながら，このような触媒系においては，
時として厳密な無水条件が必要となる場合があり，熱により触媒の失活が起こるほか，パラジウム
金属自体比較的高価であるといった問題点も残されている． 
さて，パラジウム触媒と同様の反応性が期待されるものとして，その同属元素であるニッケル金
属が考えられる．ニッケル金属は，古くからオレフィンの重合反応,16) 熊田－玉尾－Corriu カップ
リング反応，17) および根岸カップリング反応18) などの炭素－炭素結合形成反応に用いられてき
た．また最近では, 炭素－窒素結合形成アミノ化反応19) や鈴木－宮浦カップリング反応20) など
にも適用されており，その有用性が示されている．そのニッケル金属のパラジウム金属との相違点
として，まず第一にニッケルが非常に安価であるという点が挙げられる．これは工業的応用の際に
Figure 0-3. Palladium-NHC Complexes Reported by Nolan
N NR R
Pd
Cl
O
Me
Me
O
Pd
Cl
N
NR
R
N NR R
Pd OAcO
O
Me
PdN Cl
N NR R
Me
Me
R = Aryl, Alkyl
Figure 0-4. Active Palladium Catalysts for Mizoroki-Heck Reaction
O PiPr2
Pd
O PiPr2
ClPd
P
RR
O
O
O
O
Pd
Me
Me
P
R R
R = o-Tolyl
Pd2(dba)3/tBu3P
(a) (b) (c)
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非常に重要な要素となる．また，反応性の違いとしては，ニッケル触媒では，より安価で入手容易
な芳香族クロリドが比較的容易に酸化的付加するという点が挙げられる．一方で，ニッケルはパラ
ジウムに比べて，β-水素脱離およびハロゲン化水素の除去による金属の還元が起こりにくいといっ
た性質も持っており，21) これらの特徴はニッケル触媒の溝呂木－Heck 反応への適用が困難で
あることを示している． 
 以上述べた理由からも，ニッケル触媒を用いる溝呂木－Heck 反応の報告例は決して多くな  
い．22) Scheme 0-1 に示すような NiCl2(PPh3)2 を用いた試みにおいては，特にオレフィンとして 
styrene を用いた場合，望むカップリング反応と競合して，styrene の二量化反応も進行し，それら
が分離困難な化合物の混合物として得られることが報告されている．22a) 一方，methyl acrylate を
用いた場合には，望む置換成績体が付加成績体との混合物として得られるため，22b) この 
NiCl2(PPh3)2 を用いた反応にはあまり実用的価値はない．またこの触媒系には，触媒活性を保つ
ために亜鉛のような還元剤の添加も必須である． 
最近になって，ホスファイトをリガンドとする 0 価のニッケル触媒を用いる溝呂木－Heck 反応
が Iyer らによって 1 例のみ報告されている (Scheme 0-2)．23) この反応系では，還元剤の添加
も必須ではなく，また望む置換生成物のみが得られているが，150 °C という高温条件が必要であ
り，10 mol% と触媒量が比較的多く必要である．また芳香族ヨージドの反応に限定されていること
からも，実用的反応であるとはいえない. 
 
 
Scheme 0-1. NiCl2(PPh3)2-Catalyzed Mizoroki-Heck Reaction
Br
Ar NiCl2(PPh3)2, Zn
Ph
OMe
O
Ar
Ph
Ph
Me
Ph
Styrene Dimer
+
Ar
OMe
O
+ Ar OMe
O
Substitution Product
(Desired)
Addition Product
(Undesired)
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 当研究室ではすでに，NHC をリガンドとして用いることで，上述のように従来進行が困難である
とされてきた，ニッケル触媒による溝呂木－Heck 反応が円滑に進行することを見出している 
(Scheme 0-3)．24)  Ni(acac)2/NHC という触媒系を用いた本反応では，基質として種々の芳香族
ヨージド，ブロミド，およびクロリドが適用可能であった．加えて，本反応系における利点を以下に
挙げる． 
・ 実際の反応には, 空気中でも安定に取り扱い可能なカルベン前駆体 (Figure 0-5) を用いてい
るため，操作が煩雑にならない． 
・ これまで必須であった亜鉛のような還元剤の添加は必要ない． 
・ 望む置換生成物のみが得られている． 
 このような点からも，本反応がニッケル触媒を用いる実用的溝呂木－Heck 反応のはじめての例
であるといえる． 
一方，Figure 0-6 に示すような骨格をもつアニオン性 3 座配位子は pincer 型リガンドと呼ば
れ，3 つの原子 (E, Y, E) と金属 (M) により高度に安定化されたメタラサイクルを形成することが
知られている．そのメタラサイクルの環の大きさ (n in Figure 0-6) あるいは金属に配位する原子 
Scheme 0-2. Ni(0)/Phosphite-Catalyzed Mizoroki-Heck Reaction
I
Ar + OEt
O
10 mol% Ni[P(OPh)3]4 
or Ni[P(OEt)3]4
K2CO3
NMP, 150 °C
Ar
OEt
O
Scheme 0-3. Ni/NHC-Catalyzed Heck Reaction
X
+ OR'
O
R
R = H, CN, CO2Bu, OMe, etc.
R' = Me, Bu
X = I, Br, Cl
5 mol% Ni(acac)2
5 mol% NHC Precursors R
OR'
O
Na2CO3
DMF, 150 °C
Figure 0-5. Imidazolium Salts as NHC Precursors
N NR R N NR R
Cl- BF4-
IPr-HCl: R = 2,6-Diisopropylphenyl
IMes-HCl: R = Mesityl
SIPr-HBF4: R = 2,6-Diisopropylphenyl
SIMes-HBF4: R = Mesityl
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(E，Y，and Z in Figure 0-6) を変化させたり，リガンド上に置換基 (R1 and R2 in Figure 0-6) を導
入することで，立体的・電子的に幅広い性質を持つ金属錯体合成の可能性が示唆されている．25) 
すなわち，pincer 型錯体はその立体的・電子的性質を容易に制御可能であることから，反応性を
高めることで高活性触媒系を構築することができる一方，反対に安定性を高め，反応中間体を安
定に単離・構造決定することができれば，反応メカニズムの解明にもつながる．しかしながら，この
ような検討はほとんど成されていないのが現状である．また，この pincer 型錯体は，遷移金属触
媒反応に用いられるだけではなく，ガスセンサーやデンドリマーなどといった機能性分子としての
活用も期待されている． 
 
 
 
 
 
 
  この pincer 型リガンドとパラジウムより得られる錯体としては，Figure 0-7 に示すようなものがこ
れまで合成されており，26) これらを用いた触媒反応も検討されている．しかしながら，その適用範
囲は，溝呂木－Heck 反応，14c,26a,b,27) 鈴木－宮浦カップリング反応，26b,28) および右田－Stille 
カップリング反応26c) など限られている． 
 
 
 
 
 
著者は，前述のニッケル触媒を用いる溝呂木－Heck 反応におけるリガンドである NHC を 
pincer 型リガンドにすることで，反応性および安定性を制御した高活性触媒系を構築できると考え，
検討を行うことにした．またこれにより, 真の触媒活性種や反応メカニズムに関する知見も得られる
Figure 0-7. Pincer-Type Palladacycles
O P(OAr)2
Pd
O P(OAr)2
PPh2
Pd
PPh2
SPh
Pd
SPh
I TFA Cl
Figure 0-6. Pincer-Type Transition Metal Complex
E
MY
E
Z
E = PR2, NR2, SR, etc.
M = Pd, Ni, Pt, Rh, Ru, etc.
Y = C, N, etc.
Z = Halogen, TFA, OTf, etc.
n = 0-2
R1, R2 = EWG, EDG
R2
R2
R1
n
n
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と期待し，研究を開始した． 
 これまでにNHC 由来 pincer 型錯体としては，2001 年に Crabtree らによって報告されたパラ
ジウム錯体 [Figure 0-8，(a)] をはじめとして，29) 類似の錯体 [Figure 0-8，(b)] および錯体前駆
体 [Figure 0-8，(c)] が合成されており，溝呂木－Heck 反応や鈴木－宮浦カップリング反応に適
用されている．30) これらの化合物は容易に合成可能で，熱安定性も高く，またこれらを用いた反
応では厳密な無水条件を必要としないものの，触媒反応において基質適用範囲が十分に検討さ
れているとはいえず，錯体の実用的活用という面において問題が残されている． 
一方で，pincer 型ニッケル錯体に関しては，1980 年代から現在までに数多く合成報告が成さ
れている．31) その錯体のほとんどが平面 4 配位構造を持つ 2 価のニッケル錯体であるが，その
ような錯体に対して CuX2 (X = I, Br, Cl) を反応させることによる，四角錘型の 5 配位ニッケル 
(III) 錯体の合成も報告されている (Scheme 0-4)．31a) それらニッケル錯体の触媒反応への適用
例としては，van Koten らの Kharasch 反応  (Scheme 0-5)32) や  Morales-Morales らによる 
iodobenzene のチオ化反応 (Scheme 0-6), 33) Wang らが報告した根岸カップリング反応や熊田－
玉尾－Corriu カップリング反応 (Scheme 0-7) 34) など非常に限られたものであり，一般的な反応
性や安定性といった性質はほとんど明らかにされていない． 
 
 
 
 
Figure 0-8. Previously Reported NHC-Derived Pincer-Type Ligand and Palladacycles
N
NN
N N
R R
Pd
Br
Br-
n n
n = 0, 1
R = Me, Bu
N
NN
N N
R' R'
Pd
Br
Br-
R' = Me, Et, Pr, Bu
N
NN
N
N
N
N
N
R"
R" R"
R"
4Br-
R" = Mesityl, 2,6-Diisopropylphenyl
(a) Crabtree et. al. (2001) (b) Morales-Morales et. al. (2005) (c) Zhang et. al. (2003)
NMe2
Ni
NMe2
X
Scheme 0-4. Oxidation of Ni(II) to Ni(III) in Pincer Complex
NMe2
Ni
NMe2
(III)
X = I, Br, Cl
CuX2(II)
X
X
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まず著者は，前例のなかった NHC 由来 pincer 型新規ニッケル錯体 1 を合成し，これを触
媒として用いた溝呂木－Heck 反応について検討を行った．その結果，錯体 1 を用いることで，
広範な芳香族ブロミドおよびクロリドとアクリル酸ブチルとの反応が円滑に進行することを見出した 
NMe2
Ni
NMe2
Br
Scheme 0-5. Pincer-Type Nickelacycle-Catalyzed Kharasch Reaction
CCl4 +
Ph Ni(NCN)Br
CH2Cl2, 25 °C
Cl3C Ph
Cl
Ni(NCN)Br
CO2Me
Me
Cl3C CO2Me
MeCl
N
NiN
N
Scheme 0-6. Pincer-Type Nickelacycle-Catalyzed Thiolation of Iodobenzene
I
+ 1/2 (RS)2
Ni(NNN)Cl2
Zn
DMF, 110 °C SR
Ar
Ar
Cl
Cl
Ar = C6H2-2,3,4-F3
Ni(NNN)Cl2
R = Aryl, Alkyl
Scheme 0-7. Pincer-Type Nickelacycle-Catalyzed Kumada-Tamao-Corriu and Negishi Coupling Reactions
Cl
Ar +
PhMgCl
or
PhZnCl
Ni(NNP)Cl
Ph
Ar N
Ni
Ph
Pr2P PPh2N
ArCl
i
Ar = o-Tolyl
Ni(NNP)Cl
Scheme 0-8. Pincer-Type Nickelacycle 1-Catalyzed Cross-Coupling Reactions
NN N
N N
Me Me
Ni
Br
1
Br−
X
Ar
X = Br, Cl, F
Ar
CO2Bu
Ph
Ar
CO2Bu
PhB(OH)2 or
PhMgCl
NHC-Derived Pincer-Type 
Nickelacycle 1
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(Scheme 0-8)．この詳細について，第 1 章第 1 節で述べる．また，本錯体のさらなる反応性を探
るために，錯体 1 の種々のクロスカップリング反応への適用も行ったので，その検討結果を第 1 
章第 2 節に記述する． 
また，pincer リガンドの立体的・電子的性質の違いが錯体自体の反応性に及ぼす影響につい
て精査するために，幅広い置換様式を持つ NHC 由来 pincer 型ニッケル錯体群 (Figure 0-9) 
を合成し，それらの鈴木－宮浦カップリング反応における触媒活性を調べた．その結果，錯体構
造と触媒活性の相関について，興味深い知見を得ることができた (第 2 章)． 
 
 
 
 
 
 
さて，前述のパラジウムおよびニッケル触媒によるクロスカップリング反応における基質として，
芳香族スルホネートやアルケニルスルホネートも広く利用されている．このようなスルホネート化合
物は，対応するフェノールやケトンから容易に誘導可能であり，有機合成においても非常に有用
である．特に，芳香族およびアルケニルトリフレートは反応性が高く，それらを用いたクロスカップリ
ング反応もこれまでに幅広く開発されている．35) しかしながら，Tf2O や Comins 試薬といったトリ
フルオロメタンスルホニル化剤は比較的高価であり，加えて，時として得られたトリフレートが不安
定で，空気中での取り扱いが困難であるといった問題点も挙げられる．そのため，トリフレートに代
わる化合物，すなわちトシレートおよびメシレートを用いるカップリング反応の開発が近年非常に注
目を集めている．トシレートやメシレート化合物の反応性は，対応するトリフレートに比べはるかに
低く，クロスカップリング反応への適用は一般に困難であることが知られている． 
近年，上述の制約を克服した触媒系の構築が何例か報告されている．芳香族トシレートを用い
たクロスカップリング反応の例として，パラジウムあるいはニッケル触媒を用いた溝呂木－Heck 反
応，36) 薗頭反応，37) 根岸カップリング反応，38) および熊田－玉尾－Corriu カップリング反応39) 
N
N N
N N
R R
n n
Ni
Cl
BF4−
Figure 0-9. Various NHC-Derived Pincer-Type Nickelacycles
R' R'
n = 0, 1
R = Me, Mes, DIPP
R' = H, PhC(=O), CHO
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などが挙げられる．また鈴木－宮浦カップリング反応においては，パラジウムおよびニッケルを用
いた高活性触媒系 (Schemes 0-10 and 0-11) が数例構築されている．40) 
  
  一方で，メシレートはアトムエコノミーの観点からも，その基質としての利用は有機合成において
魅力的である．しかしながら，それらの反応性はトシレートのそれよりも低いとされ，これまでに報告
されたメシレートのクロスカップリング反応としては，パラジウム触媒を用いた芳香族アミノ化反応 
(Scheme 0-12)41) やニッケル触媒による鈴木－宮浦カップリング反応 (Scheme 0-13)42) に限定さ
れている． 
 
 
 
 
 
 
 
 
著者は，上述のNHC 由来 pincer 型ニッケル錯体を用い，トシレートおよびメシレートの鈴木
－宮浦カップリング反応の開発を行った (第 3 章第 1 節)．詳細な検討の結果，pincer 型ニッ
Scheme 0-10. Palladium-Catalyzed Suzuki-Miyaura Coupling Reaction of Aryl Tosylates
tBu
OTs
+
B(OH)2
Ar
2 mol% Pd(OAc)2
5 mol% XPhos
K3PO4
THF, 80 °C
tBu Ar iPr iPr
iPr
PCy2
XPhos
Scheme 0-11. Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction of Aryl Tosylates
Me
OTs
+
B(OH)2
Ar
3 mol% Ni(cod)2
12 mol% PCy3
K3PO4
THF, rt
Me Ar
Scheme 0-12. Palladium-Catalyzed Amination of Aryl Mesylates
OMs
Ar +
R1
H
N
R2 N
Ar
R1
R2
1-4 mol% Pd(OAc)2
1-4 mol% Ligand
K2CO3tBuOH, 110 °C N
Me
Cy2P
R1, R2 = Aryl, Alkyl
Scheme 0-13. Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction of Aryl Mesylates
+
B(OH)2
Ar
5 mol% NiCl2(dppe)
K3PO4
Dioxane, 80 °C
MeO2C
OMs
MeO2C Ar
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ケル錯体を用いることで，広範な芳香族トシレートおよびメシレートとボロン酸との反応が円滑に進
行することを明らかにした．加えて，同様の反応条件下，4-(p-toluenesulfonyloxy)coumarin，
4-(p-toluenesulfonyloxy)-2-pyranone，および4-(p-toluenesulfonyloxy)-2-quinolone 類のカップリン
グ反応も収率よく進行することを見出した． 
ところで，アルキルハライドを用いた遷移金属触媒によるクロスカップリング反応を利用する，sp3 
炭素上での置換基修飾も非常に有用な手法である．しかしながら，その触媒サイクル (Figure 
0-10) において，C(sp3)−X の遷移金属への酸化的付加は，C(sp2)−X や C(sp)−X に比べて起
こりにくいことが知られている．加えて，トランスメタル化とそれに続く還元的脱離という望むサイクル
と競合して，β-水素脱離によるアルケン (“Undesired” in Figure 0-10) の生成も起こりうる．これら
の点から，アルキルハライドのクロスカップリング反応への適用は非常に困難であるといえる． 
 これまでに，アルキルハライドを基質とするクロスカップリング反応としては，Fu らが報告したニッ
ケル触媒を用いた鈴木－宮浦カップリング反応 (Schemes 0-14 and 0-15) 43) や根岸カップリング
反応，43e,44) ニッケル45) あるいは鉄触媒46) を用いた熊田－玉尾－Corriu カップリング反応など
が知られているが，上述した理由からその例は極めて少ない． 
 
Figure 0-10. Proposed Mechanism for Cross-Coupling Reaction of Alkyl Halides
M1
R1
X
R2
R1
M1
R2
X
R1
M1
R2
R
R1
R
R2
R1
R2R1
R2
Oxidative Addition
Transmetalation
R−M2M2−X
Reductive Elimination
Desired
β-Elimination
UndesiredUndesired
β-Elimination
M1 = Pd, Ni, etc.
R1, R2 = Aryl, Alkyl
X = Halogen
M2 = B, Mg, Zn, Sn, Si, etc.
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そこで著者は，本研究において開発した NHC 由来 pincer 型ニッケル錯体を用い，C(sp3)−X 
活性化を経由したクロスカップリング反応の開発を行うことにした．まずはじめに，β-水素脱離が起
こらない第 1 級ベンジルハライドとフェニルボロン酸との鈴木－宮浦カップリング反応を行ったの
で，その結果を第 3 章第 2 節で述べる． 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 0-15. Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction of Alkyl Halides
+
6 mol% NiCl2(DME)
8 mol% Ligand
KOtBu, iBuOH
Dioxane, rtBr
Ph 9-BBN Ph
NHMe
NHMe
Scheme 0-14. Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction of Alkyl Halides
+
4 mol% Ni(cod)2
8 mol% Ligand
KOtBu
sBuOH, 60 °CBr Ph
PhB(OH)2
N N
PhPh
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第 1 章 
NHC 由来 pincer 型ニッケル錯体の合成とその触媒反応への応用 
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第 1 節 NHC 由来 pincer 型ニッケル錯体の合成と 
その溝呂木－Heck 反応への応用 
 
  本章では，NHC 由来 pincer 型新規ニッケル錯体 1 の合成と，それを触媒として用いたクロ
スカップリング反応についての検討結果を論述する． 
  まず本節では，カルベン前駆体であるイミダゾリウム塩 2 からの pincer 型ニッケル錯体 1 の
合成と，その溝呂木－Heck 反応への適用について述べる． 
NHC 由来 pincer 型ニッケル錯体の合成 
  Crabtree らの合成法 29) に従って 2,6-dibromopyridine と 1-methylimidazole より調製したカ
ルベン前駆体 2 を原料として用い，pincer 型ニッケル錯体 1 の合成について検討を行った．詳
細な検討の結果，イミダゾリウム塩 2 に対し，Bu4NBr 存在下 Ni(OAc)2 を反応させることにより，
収率良く目的とする錯体 1 を得た (Scheme 1-1)．本錯体は非常に安定で，空気中でも取り扱い
可能である．また，X 線結晶構造解析により，錯体 1 は Figure 1-1 に示すような平面 4 配位
構造を持つことが明らかとなった．なおこれは，pincer 型ニッケル－カルベン錯体合成の初めての
例である． 
 
 
 
 
 
Figure 1-1. Molecular Structure of Nickelacycle 1 
Noncoordinating bromide anion is not shown. Selected bond lengths (Å) and 
angles (deg): Ni1-Br2 = 2.2783(7), Ni1-N5 = 1.862(3), Ni1-C1 = 1.932(4), 
Ni1-C11 = 1.920(5), N1-C1 = 1.348(6), N3-C1 = 1.386(5), N2-C11 = 
1.350(6), N4-C11 = 1.382(6); Br2-Ni1-N5 = 176.36(11), Br2-Ni1-C1 = 
98.05(13), N5-Ni1-C1 = 81.49(16), N5-Ni1-C11 = 81.53(18), C11-Ni1-Br2 
= 98.89(14), C11-Ni(1)-C1 = 163.02(19), N1-C1-N3 = 103.4(3), 
N2-C11-N4 = 102.6(4). 
Scheme 1-1. Synthesis of NHC-Derived Pincer-Type Nickelacycle 1
NN N
N N
Me Me
2Br-
2
NN N
N N
Me Me
Ni
Br-
Br
1
Ni(OAc)2
Bu4NBr
DMSO
rt to 160 °C
66%
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NHC 由来 pincer 型ニッケル錯体を用いる溝呂木－Heck 反応の検討 
続いて，調製した NHC 由来 pincer 型ニッケル錯体 1 の溝呂木－Heck 反応への適用を行
った． 
まず，4-bromobenzonitrile と butyl acrylate との反応において，5 mol% の錯体 1 を用いて条
件検討を行った結果，Bu4NI 存在下，“DMF 中，150 °C，72 h” という条件下，反応が円滑に進
行し，収率良くカップリング体 3 が得られた (Table 1-1，entry 1)．触媒系として Ni(acac)2 とカル
ベン前駆体 2 の組み合わせを用いても，同様に反応が進行した (entry 2)．さらに，用いる触媒
量を 1 mol% に減らして反応を行っても，収率の低下なく望む成績体 3 を得た (entries 3 and 4)．
また，本反応の進行には，カルベンリガンドおよび Bu4NI の添加が必須であることも明らかとなっ
た (entries 5-7)． 
  次に，種々の芳香族ブロミドの反応についても検討を行った (Table 1-2)．4 位に電子求引基 
(-CHO, -CO2Bu) を有する基質の反応においては，塩基として K2CO3 を用い，前述と同条件下，
反応時間を最適化することで反応が円滑に進行し，対応するケイ皮酸エステル 4 および 5 を高
収率で得ることができた (entries 1 and 2)．また，bromobenzene や 4-bromotoluene を用いても，
収率良く反応は進行した (entries 3 and 4)．しかしながら，電子供与基を持つ 4-bromoanisole の
NC
Br
NC
CO2Bu
3
+ CO2Bu
Catalyst System
Na2CO3, Bu4NI
DMF, 150 °C, Time
Sealed Tube
Entry
1
2
3
4
5
6
7
Catalyst System
5 mol% 1
5 mol% Ni(acac)2 + 2
1 mol% 1
1 mol% Ni(acac)2 + 2
5 mol% Ni(acac)2
5 mol% 1
5 mol% Ni(acac)2 + 2
Bu4NI
Yes
Yes
Yes
Yes
Yes
No
No
Time (h)
72
72
72
120
72
72
72
Yield (%)a
65
71
64
62
29
trace
trace
Reagents: 4-bromobenzonitrile (1.0 mmol), butyl acrylate (5.0 mmol), catalyst (as listed above),
                 Na2CO3 (3.0 mmol), Bu4NI (3.0 mmol), and DMF (5 mL).
a: Isolated yield, average of two runs.
NN N
N N
Me Me
Ni
Br
1
Br−
NN N
N N
Me Me
2
2Br−
Table 1-1. Mizoroki-Heck Reaction of 4-Bromobenzonitrile with Butyl Acrylate
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反応では，低収率で目的生成物 8 を得るにとどまった (entry 5)． 
芳香族クロリドの反応についても同様に検討を行った (Table 1-3)．その結果，
4-chlorobenzonitrile，4-chlorobenzaldehyde，および 4-chloroacetophenone のいずれの基質を用
いた場合も，“DMF 中，150 °C” という反応条件を用いることで円滑に進行し，良好な収率で対
応するカップリング成績体 3，4，および 9 を得ることができた (entries 1-3)．一方で，
chlorobenzene を用いた反応では，満足できる収率で目的とする化合物 6 を得るには至らなかっ
た (entry 4)． 
 
 
 
 
 
Br CO2Bu
4-8
+ CO2Bu
5 mol% 1
Base, Bu4NI
DMF, 150 °C, Time
Sealed Tube
Ar Ar
BuO2C
CO2Bu
5
OHC
CO2Bu
4
CO2Bu
6Me
CO2Bu
7
MeO
CO2Bu
8
OHC
Br
BuO2C
Br
Br
Me
Br
MeO
Br
1
2
3b
4
5
48 h
144 h
48 h
168 h
14 d
Entry Ar-Br Time Product Yield (%)a
75
57
66
72
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Table 1-2. Mizoroki-Heck Reaction of Aryl Bromides with Butyl Acrylate
Reagents: an aryl bromide (1.0 mmol), butyl acrylate (5.0 mmol), 1 (0.050 mmol), a base (3.0 mmol),
                 Bu4NI (3.0 mmol), and DMF (5 mL).
a: Isolated yield, average of two runs.
b: Bu4NI (5.0 mmol).
NN N
N N
Me Me
Ni
Br
1
Br−
Base
K2CO3
K2CO3
Na2CO3
Na2CO3
Na2CO3
 22
 
溝呂木－Heck 反応における経時変化の調査と水銀滴下試験 
  続いて，本反応系における触媒活性種の同定および反応メカニズムの解明のために，以下の
検討を行った． 
  まず，4-bromobenzonitrile と butyl acrylate との溝呂木－Heck 反応をモデルとして，pincer 
型ニッケル錯体 1 を 5 mol% あるいは 1 mol% 用いた場合の 12 h 毎の収率の経時変化を調
べた．その結果，反応開始からそれぞれ 48 h または 24 h 後まではカップリング体の生成は非
常に遅く，その後急激に増加するという S 字状曲線が観測された (Figure 1-2)． 
 
 
 
 
 
 
Cl CO2Bu
3, 4, 6, 9
+ CO2Bu
5 mol% 1
Na2CO3, Bu4NI
DMF, 150 °C, Time
Sealed Tube
Ar Ar
OHC
CO2Bu4
NC
CO2Bu
3
CO2Bu
6
NC
Cl
OHC
Cl
Cl
1
2
3
4
120 h
72 h
120 h
14 d
Entry Ar-Cl Time Product Yield (%)a,b
59 (7)
58 (14)
66 (8)
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Reagents: an aryl chloride (1.0 mmol), butyl acrylate (5.0 mmol), 1 (0.050 mmol), Na2CO3 (3.0 mmol),
                 Bu4NI (5.0 mmol), and DMF (5 mL).
a: Isolated yield, average of two runs.
b: Figure in parentheses is recovery yield of starting material.
Cl
Me
O
CO2Bu
Me
O
9
Table 1-3. Mizoroki-Heck Reaction of Aryl Chlorides with Butyl Acrylate
NN N
N N
Me Me
Ni
Br
1
Br−
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Figure 1-2. Reaction Profile for Nickel-Catalyzed Mizoroki-Heck Reaction (Yield vs. Reaction Time) 
(a) with 5 mol% of Nickelacycle 1 
 
 
 
 
 
 
 
 
 
 
 
(b) with 1 mol% of Nickelacycle 1 
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  さらに，本反応に対し，水銀滴下試験を行った．水銀はアマルガムを形成することで，不均一系
触媒を選択的に失活させる性質を持っている．47) 錯体 1 を 5 mol% 用い，反応開始から 4 h，
24 h，あるいは 48 h 経過した時点で金属水銀を滴下し，72 h の時点での収率を調べた結果，い
ずれの場合も水銀の滴下により，反応の進行が完全に阻害されることが明らかとなった (Scheme 
1-2)． 
  一方これまでに，不均一系触媒である Pd-nanoparticle を用いた溝呂木－Heck 反応において，
その収率の経時変化が，反応誘起時間を有する S 字状曲線を示し，また金属水銀の添加によっ
て反応が完全に阻害されることが報告されている．47,48) この事実は今回の実験結果に非常に類
似しており，著者が検討を行ったニッケル錯体 1 を触媒とする溝呂木－Heck 反応においても，
比較的長い反応誘起時間内に何らかの不均一系触媒種が生成し，それが触媒活性種になって
いる可能性がある．また，著者が行った反応の進行には Bu4NI の添加が必須であるが，これは，
アンモニウム塩が Pd-nanoparticle を安定化するという事実47,49) にも矛盾していない．今後，実
際の反応系中の様子を電子顕微鏡を用いて直接観察することで，上記の仮説を確かめたいと考
えている． 
  以上のように，本節では， NHC 由来 pincer 型ニッケル錯体の合成とその溝呂木－Heck 反
応への応用について述べてきた．Pincer 型ニッケル錯体を用いた溝呂木－Heck 反応に関して
は，2008 年の Tanaka らによる報告50) が 1 例あるのみだが (Scheme 1-3)，基質として 
Scheme 1-2. Hg Drop Test for Nickel-Catalyzed Mizoroki-Heck Reaction
Br CO2Bu
+ CO2Bu
5 mol% 1
Na2CO3, Bu4NI
DMF, 150 °C, 72 h
Sealed Tube
(Hg)
NC NC
Hg Drop Point   4 h: 3%
                         24 h: 9%
                         48 h: 20%
NN N
N N
Me Me
Ni
Br
1
Br−
I CO2Bu
+ CO2Bu
5 mol% Ni-Pincer
Na2CO3
DMF, reflux, 48 h N
OO
N Ni
MeMe Me MeL
BF4−
L = MeCN
Scheme 1-3. Ni-Pincer Catalyzed Heck Reaction of Iodobenzene with Butyl Acrylate
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iodobenzene を用いた反応しか検討されていない．それに対し，著者が構築した触媒系では，
種々の置換基を有する芳香族ブロミドやクロリドの反応が適用可能であり，より実用性が高いとい
える． 
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第 2 節 NHC 由来 pincer 型ニッケル錯体を用いる 
種々のクロスカップリング反応の検討 
   
  続いて，新規合成した NHC 由来 pincer 型ニッケル錯体 1 のさらなる触媒活性を調べるた
めに，1 を用いた種々のクロスカップリング反応について検討を行った．本節では，その結果につ
いて述べる． 
NHC 由来 pincer 型ニッケル錯体 1 を用いる鈴木－宮浦カップリング反応の検討 
  はじめに，塩基として K3PO4 を用い，“dioxane 中，120 °C” という反応条件において，
4-bromobenzonitrile とフェニルボロン酸との鈴木－宮浦カップリング反応を行った (Table 1-4)．
ニッケル触媒として Ni(acac)2 のみ，あるいは Ni(acac)2 とカルベン前駆体 2 の組み合わせを用
いて反応を試みたが，いずれの場合も反応はほとんど進行しなかった (entries 1 and 2)．それに対
し，pincer 型ニッケル錯体 1 を触媒として用いることで，“120 °C，30 min” または “100 °C，16 
h” という条件下，反応が収率良く進行することが明らかとなった (entries 3 and 4)．一方で，
NC
Br
+ PhB(OH)2
NC
Ph
Catalyst System
Base
Dioxane, Conditions
Sealed Tube
Entry
1
2
3
4
5
6
7
8
9
Catalyst System
5 mol% Ni(acac)2
5 mol% Ni(acac)2 + 2
5 mol% 1
1 mol% 1
0.1 mol% 1
10
Base
K3PO4
K3PO4
K3PO4
K3PO4
Cs2CO3
Na2CO3
K2CO3
K3PO4
K3PO4
Conditions
120 °C, 24 h
120 °C, 24 h
120 °C, 30 min
100 °C, 16 h
120 °C, 1 h
120 °C, 1 h
120 °C, 1 h
120 °C, 1 h
120 °C, 6 h
Yield (%)a,b
trace (88)
trace (88)
83
73
64
28 (51)
46 (35)
83
80
Reagents: 4-bromobenzonitrile (1.0 mmol), PhB(OH)2 (3.0 mmol), catalyst (as listed above), 
                 a base (2.0 mmol), and dioxane (5 mL).
a: Isolated yield.
b: Figure in parentheses is recovery yield of starting material.
Table 1-4. Suzuki-Miyaura Coupling Reaction of 4-Bromobenzonitrile with PhB(OH)2
NN N
N N
Me Me
Ni
Br
1
Br−
NN N
N N
Me Me
2
2Br−
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Cs2CO3，Na2CO3，K2CO3 などの塩基を用いた検討も行ったが，当初の K3PO4 を用いた反応が
最も良い結果を与えた (enties 5-7)．また，用いるニッケル錯体 1 の触媒量を 1 mol% あるいは 
0.1 mol% と低減化させても，収率の低下なく反応が円滑に進行した (entries 8 and 9)． 
  続いて，本反応系における基質適用範囲について検討を行った (Table 1-5)． 
まず，1 mol% のニッケル錯体 1 を用い，K3PO4 存在下，“dioxane 中，120 °C” という反応条
件下，種々の芳香族ブロミドとフェニルボロン酸との反応を行った．その結果，ベンゼン環上の 4 
X
+ PhB(OH)2
Ph
1 mol% 1, K3PO4
Dioxane, 120 °C, Time
Sealed Tube
10-24
Table 1-5. Suzuki-Miyaura Coupling Reaction of Aryl Halides with PhB(OH)2
Ar Ar
X = Br, Cl
EtO2C
Br
MeO
Br
Br
O
O
Br
CN
NC
Cl
Cl
Me
O
MeO2C
Cl
Br
N
Br
Br
TBSO
Br
NH2
H2N
Br
Cl
Me
O
N
Cl
BrMeO
BrNC
NC
Br
Br
Me
O
Entry
1
2
3
4
5
6
7
8
9
Ar−X Time (h)
0.5
1
2
2
2
2
1
8
2
Product
EtO2C
Ph
MeO
Ph
Ph
O
O
Ph
CN
H2N
Ph
PhMeO
PhNC
NC
Ph
Ph
Me
O
10
11
12
13
14
15
16
17
18
Yield (%)a
83
81
71
87
85
86
85
73
71
Entry
10
11
12
13
14
15
16
17
18
Time (h)
8
2
2
1
2
4
4
12
2
Yield (%)a
58
86
79
94
66
76
69
84
77
Ar−X
NC
Ph
Ph
Me
O
MeO2C
Ph
Ph
N
Ph
Ph
TBSO
Ph
NH2
Ph
Me
O
N
Ph
19
20
21
22
10
23
24
17
22
Product
Reagents: an aryl halide (1.0 mmol), PhB(OH)2 (3.0 mmol), 1 (0.010 mmol), K3PO4 (2.0 mmol), and dioxane (5 mL).
a: Isolated yield, average of two runs.
NN N
N N
Me Me
Ni
Br
1
Br−
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位に電子求引基 (-CN，-CO2Et) および電子供与基 (-OMe) のいずれが存在する場合でも反応
が円滑に進行し，高収率で目的とするカップリング体 10-12 が得られた (entries 1-3)．3 位また
は 2 位に置換基を有する基質を用いても，収率良く反応が進行した (entries 4-8)．また，無置換
アミノ基や TBS 基を持つ基質の反応も同様に進行し，収率良く目的生成物 18-20 を得た 
(entries 9-11)．加えて，1-bromonaphthalene や 3-bromopyridine も本反応に適用可能であった 
(entries 12 and 13)． 
  芳香族クロリドの反応についても検討を行った結果，同様の反応条件を用いることで，幅広い置
換基を有する芳香族クロリドとフェニルボロン酸の反応が円滑に進行し，おおむね満足できる収率
で対応するビフェニル誘導体 10，17，22-24 を得ることができた (entries 14-18)． 
NHC 由来 pincer 型ニッケル錯体 1 を用いる熊田－玉尾－Corriu カップリング反応の検討 
  NHC 由来 pincer 型ニッケル錯体 1 を用いた熊田－玉尾－Corriu カップリング反応につい
ても同様に検討を行った． 
  まずはじめに，4-bromotoluene と phenylmagnesium bromide との反応を行った (Table 1-6)．
詳細な検討の結果，5 mol% のニッケル錯体 1 を用い，“THF 中，rt, 9 h” という反応条件下，
反応が円滑に進行し，良好な収率で 4-methylbiphenyl 25 が得られた (entry 1)．また，Grignard 
Table 1-6. Kumada-Tamao-Corriu Coupling Reaction of 4-Bromotoluene with PhMgX
Me
Br
+ PhMgX
1
THF, rt, Time
Me
Ph
+ Ph−Ph
25
26
Entry
1
2
3
4
5
6
1 (mol%)
5
5
---b
1
0.1
None
X
Br
Cl
Cl
Cl
Cl
Cl
X = Br, Cl
Time (h)
9
9
9
16
48
24
Yield of 25 (%)a
70
87
27
79
59
NR
25 : 26a
1 : 0.33
1 : 0.10
1 : 1.11
1 : 0.43
1 : 0.55
---
Reagents: 4-bromotoluene (1.0 mmol), PhBgX (1.5 mmol), 1 (as listed above), and THF (5 mL).
a: Yield and product ratio were determined by 1H-NMR spectrum using mesitylene as an internal standard,
    average of two runs.
b: A combination of Ni(acac)2 and 2 was used as the catalyst instead of 1.
NN N
N N
Me Me
Ni
Br
1
Br−
NN N
N N
Me Me
2
2Br−
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試薬として phenylmagnesium chloride を用いることで，より収率良く目的生成物 25 が得られ，ま
た同時に，ホモカップリング体 26 の生成を抑制することができた (entry 2)．一方で，ニッケル触
媒として Ni(acac)2 とカルベン前駆体 2 の組み合わせを用いて反応を行った場合には，低収率
でカップリング体 25 を得るにとどまった (entry 3)．さらに，触媒量の低減化を試みた結果，1 
mol% あるいは 0.1 mol% と減らしても，反応時間を延長することで収率良く反応が進行した 
(entries 4 and 5)． 
  続いて，本反応系における基質適用範囲について調査を行った (Table 1-7)． 
X
+ 5 mol% 1
THF, rt, 16-96 h
X = Br, Cl
Table 1-7. Kumada-Tamao-Corriu Coupling Reaction of Aryl Halides
Ar1
MgY
Ar2
Y = Br, Cl
Ar1 Ar2
12, 14, 15, 20-31
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
EntryAr1−X Ar1−XAr2ΜgYa Ar2ΜgYaProduct Yield (%)b Yield (%)b
89
92
87
68
67
70
72
83
56
77
75
81
81
65
79
46
64
76
81
81
Br
Br
Me
BrMe
Br
Me
MeO
Br
BrMeO
Br
O
O
Br
TBSO
Br
N
Br
Cl
Cl
Me
ClMe
Cl
Me
Cl
TBSO
N
Cl
N
Cl
Br
N
Br
Reagents: an aryl halide (1.0 mmol), Ar2MgY (1.5 mmol), 1 (0.050 mmol), and THF (5 mL).
a: Ar2MgY = PhMgCl (A), PhMgBr (B), or 4-MeOC6H4MgBr (C).
b: Isolated yield, average of two runs.
C
C
C
C
A
A
A
A
B
C
A
C
C
C
C
C
C
A
B
C
MeO
12
12
OMe
TBSO
20
28
OMe
Me 27
OMeMe
OMe
Me
29
14
MeO
O
O 15
N
22
N
OMe
30
21
OMe
31
MeO
Cl
Product
12
OMe
27
OMeMe
MeO
12
28
OMe
Me
OMe
Me
29
TBSO
20
N
22
N
OMe
30
NN N
N N
Me Me
Ni
Br
1
Br−
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5 mol% のニッケル錯体 1 存在下，上述のようにして確立した反応条件を用いることで，広範
な芳香族ブロミド (entries 1-12) およびクロリド (entries 13-20) と Grignard 試薬 (A-C in Table 
1-7) とのカップリング反応が円滑に進行し，高収率で目的とする成績体 12，14，15，20-31 を得
ることができた． 
  また，同様の触媒系を用いることで，反応完結に長時間を要するものの，一般に反応性が低い
とされている芳香族フルオリドの熊田－玉尾－Corriu クロスカップリング反応が進行することも明ら
かにした (Table 1-8)． 
  C(sp2)−F 結合は非常に強固であるため，これまで一般にその触媒的 C−F 結合活性化による
置換基修飾は困難であるとされてきた．近年，Nakamura らや Ackermann らによるニッケル触媒
を用いる芳香族フルオリドの熊田－玉尾－Corriu カップリング反応51) や，Yamaguchi らによるロ
ジウム触媒 C−F 結合メタセシスを用いる芳香族フルオリドのアリールチオ化反応52) など，遷移
F
+ 5 mol% 1
THF, rt, Time
Table 1-8. Kumada-Tamao-Corriu Coupling Reaction of Aryl Fluorides
Ar1
MgX
Ar2
X = Br, Cl
Ar1 Ar2
12, 20, 22, 27, 28, 30
Entry
1
2
3
4
5
6
7
Ar1−F Ar2ΜgYa
C
C
C
A
A
B
C
Yield (%)b
71
62
52
44
70
61
72
4
6
4
6
6
6
4
Time (d) Product
F
F
Me
FMe
MeO
F
F
TBSO
N
F
Reagents: an aryl fluoride (1.0 mmol), Ar2MgX (1.5 mmol), 1 (0.050 mmol), and THF (5 mL).
a: Ar2MgX = PhMgCl (A), PhMgBr (B), or 4-MeOC6H4MgBr (C).
b: Isolated yield, average of two runs.
N
F
12
OMe
28
OMe
Me
27
OMeMe
MeO
12
TBSO
20
N
22
N
OMe
30
NN N
N N
Me Me
Ni
Br
1
Br−
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金属触媒を用いた芳香族 C−F 結合の置換反応が報告されており，本研究結果も C(sp2)−F 結
合活性化を利用した置換基修飾の 1 例として，非常に興味深いものであると考えている． 
  このように本節では，NHC 由来 pincer 型ニッケル錯体 1 のさらなる触媒活性について述べ
た．詳細な検討の結果，錯体 1 を用いることで，広範な芳香族ハライドの鈴木－宮浦カップリング
反応および熊田－玉尾－Corriu カップリング反応が円滑に進行することを明らかにした． 
以上のように，本章では，NHC 由来 pincer 型新規ニッケル錯体の合成とその触媒反応への
応用に関する検討結果について論述してきた．その結果，溝呂木－Heck 反応をはじめ，鈴木－
宮浦カップリング反応や熊田－玉尾－Corriu カップリング反応において，本錯体が高い触媒活性
を有することを見出した．特に，本錯体を用いた溝呂木－Heck 反応において，その収率の経時
変化に反応誘起時間が観測され，さらには金属水銀の添加により反応が阻害されたという実験結
果から，本反応の進行に不均一系触媒活性種が関与していることが示唆された．一方で，従来こ
れらのクロスカップリング反応において確立されているパラジウムまたはニッケル触媒系と比較する
と，反応温度や反応時間などにおいて必ずしも優れているとは言えず，今後より詳細な触媒設計
が必要である．しかしながら本研究結果は，pincer 型ニッケル錯体のクロスカップリング反応にお
ける触媒としての可能性の 1 つを示すものであると考えている． 
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第 2 章 
立体的・電子的に幅広い性質を持つNHC 由来 pincer 型 
ニッケル錯体の合成とその触媒活性の評価 
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第 1 節 立体的に幅広い性質を持つ pincer 型ニッケル錯体の合成 
 
  本章では，精密触媒設計を目的として，立体的・電子的に幅広い性質を持つ NHC 由来
pincer 型ニッケル錯体群の調製とその触媒活性の評価に関して記述する． 
  第 1 節では，立体的に幅広い性質を持つ pincer 型ニッケル錯体の合成とその錯体構造の詳
細を述べる． 
立体的に幅広い性質を持つ NHC 由来 pincer 型ニッケル錯体群の合成 
  まず，メタラサイクルの環の大きさを 6 員環 (n = 1 in Scheme 2-1) あるいは 5員環 (n = 0 in 
Scheme 2-1)，およびイミダゾール環の窒素原子上の置換基 (R in Scheme 2-1) を mesityl (Mes) 
基または 2,6-diisopropylphenyl (DIPP) 基とした NHC 由来 pincer 型ニッケル錯体群 34a-d 
の合成を行った (Scheme 2-1)．Danopoulos らの合成法に従い，53) 対応するビスイミダゾリウム塩 
32a-d に対し，酸化銀を反応させることで，銀－カルベン錯体 33a-d を得た．その後，33a-d に
対して，NiCl2(DME) を用いたシクロメタレーションおよびそれに続くカウンターアニオン交換反応
を行うことにより，目的とするニッケル錯体群 34a-d を得ることができた．54) そこでまず，本錯体群
の構造決定を NMR や元素分析などの機器分析法を用いて行うことにした． 
重溶媒として DMSO-d6 を用いた 1H-NMR スペクトルにおいて，6 員環のニッケル錯体であ
る 34a および 34b と 5 員環の錯体 34c および 34d の間で顕著な相違が見られた．錯体 
34c の mesityl 基の 2,6 位のメチル基に由来する 12H が 1 種類の singlet (12H) として観測
され [Figure 2-1，(c)]，錯体 34d の DIPP 基のイソプロピル基の 24H と 4H がそれぞれ 2 種
Scheme 2-1. Synthesis of Various Nickel-Pincer Complexes 34a-d
N
N N
N N
R R
2Br−
N
N N
N N
R R
N
N N
N N
R R
n n n n n n
AgCl
ClAg
Ni
Cl
BF4−Ag2O
4Å MS
ClCH2CH2Cl
reflux, 16 h
NiCl2(DME)
CH2Cl2, rt, 24 h
then AgBF4
rt, 16 h
32a: n = 1, R = Mes
32b: n = 1, R = DIPP
32c: n = 0, R = Mes
32d: n = 0, R = DIPP
33a: n = 1, R = Mes; 94%
33b: n = 1, R = DIPP; >99%
33c: n = 0, R = Mes; 85%
33d: n = 0, R = DIPP; 87%
34a: n = 1, R = Mes; >99%
34b: n = 1, R = DIPP; 78%
34c: n = 0, R = Mes; 99%
34d: n = 0, R = DIPP; 88%
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類の doublet (12H + 12H) と 1 種類の septet (4H) として観測された [Figure 2-1，(d)]．一方，
錯体 34a の mesityl 基の 2,6 位のメチル基の 12H が 2 種類の singlet (6H + 6H) として観
測され [Figure 2-1，(a)]，錯体 34b の DIPP 基のイソプロピル基の 24H と 4H では，それぞ
れ 4 種類の doublet (6H + 6H + 6H + 6H) と 2 種類の septet (2H + 2H) が見られた [Figure 
2-1，(b)]．加えて錯体 34a および 34b において，それらのピリジン環とイミダゾリン環の間のメチ
レン部位に存在する 4H のピークが，いずれも 2 種類の doublet (2H + 2H) として観測された 
[Figure 2-1，(a) and (b)]．  
 
Figure 2-1. 1H-NMR Spectra of Nickelacycles 34a-d (DMSO-d6)  
(a) Nickelacycle 34a                          
(b) Nickelacycle 34b 
 
 
 
 
 
 
(c) Nickelacycle 34c                             (d) Nickelacycle 34d   
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Pincer 型ニッケル錯体 34 の X 線結晶構造解析 
 続いて，34a-d の詳細な錯体構造を調べるために，これらの X 線結晶構造解析の測定を行っ
た．それらの結晶学的データを Table 2-1 に，分子構造を Figure 2-2 に示した．また，Table 2-2 
には，ニッケル錯体 34a-d および前章で述べた 1 の，分子間結合距離および結合角の一部を
示した． 
 
Table 2-1. Summary of Crystallographic Data for Nickelacycles 34a-d 
 
Compound 34a 34b 34c 34d 
Empirical formula 
C31H33BClF4N5Ni· 
CH3COCH3 
C37H45BClF4N5Ni· 
CH2Cl2 
C29H29BClF4N5Ni· 
CH2Cl2 
C35H41BClF4N5Ni 
Formula weight 714.67 825.69 713.47 712.70 
Temperature (K) 173(1) 173(1) 173(1) 173(1) 
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 
Crystal system Monoclinic Triclinic Monoclinic Monoclinic 
Space group P21/n P1bar P21/c C2/c 
a (Å) 8.969(3) 9.297(4) 10.631(6) 35.07(6) 
b (Å) 21.811(8) 12.077(4) 19.059(11) 8.559(20) 
c (Å) 17.727(7) 17.791(7) 16.230(9) 23.06(4) 
α (°) 90 85.993(9) 90 90 
β (°) 96.947(5) 88.314(7) 99.646(9) 100.399(19) 
γ (°) 90 85.993(8) 90 90 
V (Å3) 3442(2) 1987.1(13) 3242(3) 6809(23) 
Z 4 2 4 8 
Dcalcd (g/m3) 1.379 1.380 1.462 1.390 
µ (mm-1) 1.432 1.346 1.114 1.421 
F 1488 860 1464 2976 
Reflections collected/unique 
(Rint) 
49991/7812 (0.142) 
 
29797/9033 (0.064) 
 
45833/7272 (0.079) 
 
48592/7745 (0.084) 
 
Completeness to θ  27.47 (99.0 %) 27.47 (99.3 %) 27.35 (99.1 %) 27.50 (99.2 %) 
Absorption Correction Numerical Numerical Numerical Numerical 
Refinement method 
 
Full-matrix least-squares 
on F2 
Full-matrix least-squares 
on F2 
Full-matrix least-squares 
on F2 
Full-matrix least-squares 
on F2 
Goodness-of-fit on F2 0.796 1.010 1.005 1.002 
Final R indices [I > 2σ I)] 
 
R1 = 0.0543, 
wR2 = 0.1087 
R1 = 0.0536, 
wR2 = 0.1262 
R1 = 0.0594 
wR2 = 0.1600 
R1 = 0.0518, 
wR2 = 0.0899 
Maximum peak/hole (e Å-3) 2.67/-1.46 0.98/-0.84 1.11/-0.99 1.03/-0.92 
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Figure 2-2. Molecular Structures of Nickel Complexes 34a-d Showing 30% Probablity Ellipsoids 
          (Hydrogen atoms, (BF4)− anion, and the solvent molecular have been omitted for clarity.) 
 
 
 
 
 
 
                                               
 
 
 
 
 
 
Table 2-2. Selected Bond Length (Å) and Angles (°) of 34a-d and 1 
 
 Ni–C(carbene_1) Ni–N Ni–C(carbene_2) Ni–X Angle N–Ni–X angle C–Ni–C 
34a 1.910(4) 1.921(3) 1.891(3) 2.1581(11) 170.31(10) 173.42(16) 
34b 1.918(2) 1.950(2) 1.911(2) 2.1466(8) 178.29(7) 174.73(11) 
34c 1.913(3) 1.867(2) 1.921(3) 2.1521(9) 177.05(10) 162.37(14) 
34d 1.910(3) 1.858(2) 1.912(2) 2.1348(8) 178.56(8) 162.31(12) 
1 1.932(4) 1.862(3) 1.920(5) 2.2783(7) 176.36(11) 163.02(19) 
 
これらの解析結果より，ニッケル錯体 34a-d がいずれも平面 4 配位構造を持つことが分かる．
しかしながら，pincer 型リガンドの挟角，すなわち C(carbene)-Ni-C(carbene) の角度が，錯体 
34a および 34b ではそれぞれ 173.42°，174.73° である一方，錯体 34c と 34d ではそれぞれ 
162.37°，162.31° というより小さい値を示した (Table 2-2)．このことから，5 員環のニッケル錯体 
34c および 34d が 6 員環の錯体 34a および 34b に比べ，より歪みのある平面 4 配位構造
34a 34b
34c 34d
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を有することが明確となった． 
 また，リガンド上のピリジン環が錯体 34c および 34d の 4 つの配位原子の面 (Cl(1)-C(1) 
-N(3)-C(11)) とほぼ同一平面であるが，錯体 34a および 34b では，ピリジン環が面 (Cl(1) 
-C(1)-N(3)-C(13)) に対してそれぞれ 46.60°，46.73° 回転した構造を持っていることも判明した．
この結果と前述の 1H-NMR スペクトルデータから，錯体 34a および 34b が 2 回回転対称性
を有することが明らかとなった．すなわち，錯体 34a および 34b を光学分割し，光学活性体を得
ることができれば，不斉触媒反応への応用も期待できる． 
以上のように本節では，立体的に幅広い性質を持つ NHC 由来 pincer 型ニッケル錯体 
34a-d の合成とその構造決定について述べた．その結果，それぞれの錯体における特徴的な立
体的性質を明らかにすることができた． 
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第 2 節 立体的に幅広い性質を持つ pincer 型ニッケル錯体の触媒活性の評価 
 
続いて，合成した NHC 由来 pincer 型ニッケル錯体群 34a-d の立体的性質の違いが反応
性に及ぼす影響について精査するために，34a-d を用いたクロスカップリング反応を行った．本節
では，その検討結果の詳細について論述する． 
Pincer 型ニッケル錯体群 34 を用いる鈴木－宮浦カップリング反応の検討 
まず，1 mol% のニッケル錯体 34a を用い，4-bromobenzonitrile とフェニルボロン酸との鈴木
－宮浦カップリング反応を行った (Table 2-3)．塩基として K3PO4 存在下，“100 °C，1 h” という
反応条件を用い，種々の溶媒の検討を行った結果 (entries 1-8)，sBuOH を用いた場合に最も収
率良く反応が進行した (entry 8)．また反応時間を 3 h に延長することで，反応が完結し，高収率
で 4-cyanobiphenyl (10) を得た (entry 9)． 
用いる塩基についても検討を行った (Table 2-4)．上述の K3PO4 (entry 1) に加え，炭酸塩
(entries 2-4) や酢酸塩 (entry 5) を用い，同条件下，反応を試みたものの，いずれの場合も低収
率にとどまったため，続く検討には K3PO4 を用いることにした．また同様の反応条件は，他のニッ
N
N N
N N
Mes Mes
Ni
Cl
BF4−
Table 2-3. Suzuki-Miyaura Coupling Reaction of 4-Bromobenzonitrile with PhB(OH)2 (1)
NC
Br
+ PhB(OH)2
NC
Ph
1 mol% 34a
K3PO4
Solvent, 100 °C, Time
Sealed Tube
10
Entry
1
2
3
4
5
6
7
8
9
Solvent
DMSO
DMF
MeCN
Dioxane
Toluene
BuOH
tBuOH
sBuOH
sBuOH
Time (h)
1
1
1
1
1
1
1
1
3
Yield (%)a,b
0
32 (39)
31 (53)
31 (53)
64 (24)
trace (84)
43 (50)
70 (20)
77
Reagents: 4-bromobenzonitrile (0.20 mmol), PhB(OH)2 (0.60 mmol), 34a (0.0020 mmol),
                 K3PO4 (0.40 mmol), and a solvent (1 mL).
a: Isolated yield.
b: Figure in parentheses is recovery yield of starting material.
34a
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ケル錯体 34b-d を触媒として用いた反応にも適用可能であった (entries 6-8)．しかしながらこのと
き，6 員環のニッケル錯体 34b を用いた場合には，34a の反応と同様，反応の完結に 3 h を要
するのに対し (entry 6)，5 員環のニッケル錯体 34c および 34d を用いた反応はそれぞれ 45 
min，20 min というより短い反応時間で完結することが明らかとなった (entries 7 and 8)．第 1 節
で著者は，ニッケル錯体 34c および 34d が 34a および 34b に比べ，より歪んだ平面 4 配位
構造を有することを述べたが，今回の反応性の違いはその錯体構造の歪みという立体的性質に
起因するものではないかと考えている．その詳細については，現在調査中である． 
次に，本反応系の基質適用範囲の調査を行った (Table 2-5)．1 mol% のニッケル錯体 34a-d 
を用い，詳細に検討を行った結果，幅広い置換基を有する芳香族ブロミドおよびクロリドとフェニル
ボロン酸とのカップリング反応が円滑に進行し，高収率で目的とするビフェニル体 10，12，22，23，
および 35 を得ることができた．このとき，電子求引基を有する 4-bromoacetophenone (entries 1-4)，
sec-butyl 4-bromobenzoate (entries 5-8)，および 4-chlorobenzonitrile (entries 17-20) を用いた反
応や，4-bromopyridine (entries 13-16) および 4-chloropyridine (entries 21-24) の反応では，触媒
として 5 員環のニッケラサイクル 34c あるいは 34d を用いた場合により効率的に進行した．そ
れに対し，電子供与性の 4-bromoanisole の反応においては， 6 員環のニッケラサイクル 34a 
N
N N
N N
R R
n n
Ni
Cl
BF4−
34a: n = 1, R = Mes
34b: n = 1, R = DIPP
34c: n = 0, R = Mes
34d: n = 0, R = DIPP
NC
Br
+ PhB(OH)2
NC
Ph
1 mol% 34
Base
sBuOH, 100 °C, Time
Sealed Tube
10
Table 2-4. Suzuki-Miyaura Coupling Reaction of 4-Bromobenzonitrile with PhB(OH)2 (2)
Entry
1
2
3
4
5
6
7
8
34
34a
34b
34c
34d
Base
K3PO4
Cs2CO3
K2CO3
Na2CO3
NaOAc
K3PO4
K3PO4
K3PO4
Time
3 h
3 h
3 h
3 h
3 h
3 h
45 min
20 min
Yield (%)a,b
77
trace (73)
trace (81)
22 (62)
trace (84)
86
80
87
Reagents: 4-bromobenzonitrile (0.20 mmol), PhB(OH)2 (0.60 mmol), 34 (0.0020 mmol),
                 a base (0.40 mmol), and sBuOH (1 mL).
a: Isolated yield.
b: Figure in parentheses is recovery yield of starting material.
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または 34b のほうが高い触媒活性を有していることが明らかとなった (entries 9-12)．また，
4-chloroacetophenone を基質として用いた場合，mesityl 基を有する錯体 34a および 34c が有
用であった (entries 25-28)． 
X
+ PhB(OH)2
Ph
1 mol% 34
K3PO4
sBuOH, Conditions
Sealed Tube
10, 12, 22, 23, 35
Table 2-5. Suzuki-Miyaura Coupling Reaction of Aryl Halides with PhB(OH)2
N
N N
N N
R R
n n
Ni
Cl
BF4−
34a: n = 1, R = Mes
34b: n = 1, R = DIPP
34c: n = 0, R = Mes
34d: n = 0, R = DIPP
Ar Ar
X = Br, Cl
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
34
34a
34b
34c
34d
34a
34b
34c
34d
34a
34b
34c
34d
34a
34b
34c
34d
34a
34b
34c
34d
34a
34b
34c
34d
34a
34b
34c
34d
Conditions
120 °C, 2 h
120 °C, 2 h
100 °C, 3 h
100 °C, 2 h
120 °C, 3 h
120 °C, 4 h
100 °C, 2 h
100 °C, 2 h
120 °C, 2 h
120 °C, 2 h
120 °C, 2 h
120 °C, 1 h
100 °C, 5 h
100 °C, 5 h
100 °C, 2 h
100 °C, 1 h
100 °C, 3 h
100 °C, 3 h
100 °C, 2 h
100 °C, 2 h
100 °C, 5 h
100 °C, 5 h
100 °C, 3 h
100 °C, 3 h
120 °C, 4 h
120 °C, 4 h
120 °C, 4 h
120 °C, 3 h
Product Yield (%)a,b
83
75
76
75
64 (27)
63
50
73 (16)
67
61
57
38
85
85
97
94
71
77
74
67
79
76
79
77
86
51
76
48
Ar−X
Br
Me
O
Cl
Me
O
MeO
Br
BuO2C
Br
N
Br
N
Cl
NC
Cl
NC
Ph
Ph
Me
O
10
23
s
MeO
Ph
12
BuO2C
Ph
Ph
Me
O
23
N
Ph
22
N
Ph
22
35
Reagents: an aryl halide (0.20 mmol), PhB(OH)2 (0.60 mmol), 34 (0.0020 mmol), K3PO4 (0.40 mmol),
                 and sBuOH (1 mL).
a: Isolated yield.
b: Figure in parentheses is recovery yield of starting material.
s
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同様に，様々なボロン酸を求核剤として用いる反応も行った (Table 2-6)．ここでは，これまでの
検討において最も高い触媒活性を示したニッケル錯体 34d を用いた．その結果，電子供与基 
(-OMe) および電子求引基 (-CN) のいずれが存在するフェニルボロン酸を用いても，芳香族ブ
ロミドとのカップリング反応が円滑に進行し，良好な収率で目的生成物 10，12，36，および 37 が
得られた (entries 1-4)．加えて，(E)-β-styrenylboronic acid や (E)-pentenylboronic acid といった
アルケニルボロン酸も本反応に適用可能であった (entries 5-9)． 
Br
+ RB(OH)2
R
1 mol% 34d
K3PO4
sBuOH
100-120 °C, 2-3 h
Sealed Tube 10
Ar Ar
Table 2-6. Suzuki-Miyaura Coupling Reaction of Aryl Bromides with Various Boronic Acids
R = Aryl, Alkenyl
1
2
3
4
5
6
7
8
9
Entry
69
77
49
42
82b
65b
48b
76b
80b
Yield (%)aAr−Br RB(OH)2 Product
Br
Me
O
N
Br
NC
Br
NC
Br
NC
Br
N
Br
Br
Br
Br
Me
O
B(OH)2
B(OH)2
MeO
NC
B(OH)2
B(OH)2
B(OH)2
B(OH)2
B(OH)2
B(OH)2
MeO
B(OH)2
NC
NC OMe
36
OMe
12
CN
10
N
CN
37
NC
Me
O
38
39
NC
41O
Me
42
N 40
Reagents: an aryl bromide (0.10 mmol), RB(OH)2 (0.30 mmol), 34d (0.0010 mmol), K3PO4 (0.20 mmol),
                 and sBuOH (0.5 mL).
a: Isolated yield.
b: E-Isomer exclusively formed.
NN N
N N
DIPP DIPP
Ni
Cl
BF4−
34d
 42
ニッケル触媒を用いた鈴木－宮浦カップリング反応における反応メカニズムに関する考察 
 今回の pincer 型ニッケル錯体 34 を触媒として用いた鈴木－宮浦カップリング反応において，
その考えられる反応メカニズムを Figure 2-2 に示す． 
N
N N
N N
R R
Ni
Ph
BF4−
n n
A
N
N N
N N
R R
Ni
BF4−
n n
C
N
N N
N N
R R
Ni
BF4−
n n
D
Ar X
N
N N
N N
R R
Ni
BF4−
n n
E
Ar Ph
N
N N
N N
R R
Ni
Ph
BF4−
n n
B
Ar
X
N
N N
N N
R R
Ni
X
BF4−
34
n n
n = 0, 1
R = Mes, DIPP
X = Halogen
PhB(OH)2
K3PO4
Ar−X
Ar−Ph
cycle A
1/2 Ph−Ph
Ar−Ph
Ar−X
PhB(OH)2
K3PO4
cycle B
Figure 2-2. Plausible Mechanism for Nickelacycle 34-Catalyzed Suzuki-Miyaura Coupling Reaction
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まずニッケル錯体 34 の，フェニルボロン酸とのトランスメタル化により，中間体 A が生成する．
これによってニッケル金属中心の電子密度が高くなり，芳香族ハライドの酸化的付加が促進される
と考えられる．その後，A に対する芳香族ハライドの酸化的付加と続く還元的脱離によりカップリン
グ成績体 （Ar−Ph） が得られると同時に，触媒 34 が再生するという Ni(II)/Ni(IV) の触媒サイク
ル (cycle A) が可能性の 1 つとして考えられる．これまでに Jensen らは，pincer 型パラジウム
錯体を用いた溝呂木－Heck 反応において，cycle A と類似した Pd(II)/Pd(IV) サイクルを経由
する反応メカニズムを提唱している．14c) 
一方，本反応においては，cycle B を経由する触媒サイクルも考えられる．すなわち，錯体 34 
とフェニルボロン酸とのトランスメタル化によって生成する中間体 A が，1 電子還元により 1 価
のニッケル種 C へと変換される．その C に対し，芳香族ハライドが酸化的付加し，中間体 D を
経由後，トランスメタル化および還元的脱離によって，目的化合物 （Ar−Ph） の生成とともに，触
媒活性種 C が再生するという触媒サイクルである．近年 Wang らは，pincer 型ニッケル錯体を
用いた Negishi カップリング反応のメカニズムとして，cycle B と同様の Ni(I)/Ni(III) という触媒
サイクルを提唱している．34c) 
今後，pincer 型リガンドの立体的・電子的性質を変化させることにより，ニッケル錯体自体の安
定性を高め，反応中間体を単離・構造決定することができれば，本反応系における真の触媒活性
種の同定および反応メカニズムの解明にもつながると考えている． 
以上本節では，第 1 節で合成を述べた NHC 由来 pincer 型ニッケル錯体群 34a-d を用い
た鈴木－宮浦カップリング反応の検討について論述してきた．その結果，いずれの錯体も高い触
媒活性を有し，さらにそれらの構造の違いによって異なる触媒活性を示すことも見出した．またこ
れまでに，ニッケル触媒による鈴木－宮浦カップリング反応の例として，NiCl2・6H2O，20d) 
NiCl2(NEt3)2，20a) NiCl2[P(OMe)3]2，20b) Ni/NHC，20j,l,m,s) および Ni/C20c,f,g) などの触媒を 1-5 
mol% 用いた反応系が報告されているが，今回著者が確立した触媒系ではそれらと同等，あるい
はより低い触媒量で反応が円滑に進行した．また，今回の反応系では反応完結に要する時間が 
20 分から数時間であり，過去の例に比べより短時間で反応が進行した． 
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第 3 節 電子的に幅広い性質を持つ pincer 型ニッケル錯体の合成と 
その触媒活性の評価 
 
続いて，pincer 型リガンドの電子的な性質の違いが反応性に及ぼす影響について精査すること
にした．本節では，電子的に幅広い性質を持つ NHC 由来 pincer 型ニッケル錯体の合成につ
いて述べる． 
5 位に置換基を有するイミダゾール類の合成 
まずはじめに，5 位に置換基を有するイミダゾール類 46 および 49 の合成を行った． 
1-Methylimidazole の 2 位を TBS 基で置換した 43 の 5 位を BuLi によりリチオ化し，そ
の後 benzaldehyde と反応させることで，44 を得た．その 44 に対し，2 位の TBS 基の除去お
よび水酸基の保護を行い，イミダゾール 46 を合成した (Scheme 2-2)． 
同様に，43 の 5 位をホルミル基で置換後，そのアルデヒドを NaBH4 により還元することで，
アルコール 48 を得た．その後，2 位の TBS 基の除去およびそれに続く水酸基の保護を行い，
イミダゾール 49 を調製した (Scheme 2-3)． 
N N Me
N N Me
TBS
N N Me
TBS
Ph
HO
N N Me
Ph
HO
BuLi
then TBSCl
THF, −78 °C to rt
quant.
BuLi
−78 °C to rt
then PhCHO
THF, −78 °C to rt
96%
N N Me
Ph
TBSO
TBAF
THF, rt, 15 min
81%
TBSCl
imidazole
CH2Cl2, rt, 24 h
84%
43
44
45
46
Scheme 2-2. Synthesis of 5-Substituted Imidazole 46
N N Me
TBS
N N Me
TBS
CHO
N N Me
OTBS
43 47 48
BuLi
−78 °C to rt
then DMF
THF, −78 °C to rt
96%
1) 47% HF aq.
    MeCN, rt, 15 min
2) TBSCl, imidazole
    DMF, rt, 1 h
     77% (2 steps)
N N Me
TBS
OH
NaBH4
THF/MeOH
rt, 15 min
99%
49
Scheme 2-3. Synthesis of 5-Substituted Imidazole 49
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一方で，Bellina らの手法に従い，55) パラジウム触媒存在下，1-methylimidazole に対し，
bromobenzene，4-bromoanisole，4-bromoveratrole，および 1-bromo-3,4,5-trimethoxybenzene を
反応させ，イミダゾール類 50a-d を得た (Scheme 2-4)． 
加えて，当研究科の Kondo らによって開発された反応条件を用い，56) 1-methylimidazole と 
methyl 4-iodobenzoate とのカップリング反応を行うことで，5 位に電子求引基を持つイミダゾール 
50e を合成した (Scheme 2-5)． 
電子的に幅広い性質を持つ NHC 由来 pincer 型ニッケル錯体の合成 
続いて，調製した 5 位置換イミダゾール 46 と 49 を用い，リガンド上に電子求引基であるベ
ンゾイル基あるいはホルミル基を有する pincer 型ニッケル錯体 54a および 54b の合成につい
て検討を行った (Scheme 2-6)． 
まず，イミダゾール 46 および 49 に対し，2,6-bis(bromomethyl)pyridine を反応させることで，
それぞれ対応するイミダゾリウム塩 51a および 51b を得た．さらに第 1 節で述べた合成法に従
い，51a および 51b を銀－カルベン錯体 52a および 52b に変換後，NiCl2(DME) を用いたシ
クロメタレーションおよびそれに続くカウンターアニオン交換反応を行うことで，収率良くニッケル錯
体 53a および 53b を得た．現在，リガンド上の置換基 (R in Scheme 2-6) に存在する TBS基
の除去およびそれに続くアルコールの酸化による錯体 54a および 54b の合成について検討中
N N Me
Br
R1
R2
R3
+
5 mol% Pd(OAc)2
10 mol% PCy3
K2CO3
DMF, 110 °C, 24-48 h N N Me
R1
R2R
3
50a: R1 = R2 = R3 = H; 85%
50b: R1 = R3 = H, R2 = OMe; 63%
50c: R1 = R2 = OMe, R3 = H; 51%
50d: R1 = R2 = R3 = OMe; 35%
Scheme 2-4. Palladium-Catalyzed Direct Arylation of 1-Methylimidazole (1)
N N Me
I
MeO2C
+
10 mol% Pd(OAc)2
20 mol% PPh3
Cs2CO3
DMF, 120 °C, 12 h
93%
N N Me
CO2Me
50e
Scheme 2-5. Palladium-Catalyzed Direct Arylation of 1-Methylimidazole (2)
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である． 
また同様の手法を用い，イミダゾール類 50a-e からイミダゾリウム塩 55a-e および銀－カルベ
ン錯体 56a-e を経由し，リガンド上に電子供与基および求引基を持つ pincer 型ニッケル錯体群 
57a-e を合成した (Scheme 2-7)． 
 
N N Me
R
46: R = PhCH(OTBS)-
49: R = TBSOCH2-
N
Br Br
THF, reflux, 12 h
N
N N
N N
Me Me
R R
2Br−
51a: R = PhCH(OTBS)-; 99%
51b: R = TBSOCH2-; 94%
N
N N
N N
Me Me
R R
52a: R = PhCH(OTBS)-; 87%
52b: R = TBSOCH2-; 92%
N
N N
N N
Me Me
R R
53a: R = PhCH(OTBS)-; 95%
53b: R = TBSOCH2-; 73%
Ni
Cl
BF4−
AgCl
ClAg
Ag2O
4Å MS
ClCH2CH2Cl
reflux, 16 h
NiCl2(DME)
rt, 24 h
then AgBF4
CH2Cl2, rt, 16 h
N
N N
N N
Me Me
R R
54a: R = PhC(=O)
54b: R = CHO
Ni
Cl
BF4−Deprotection
&
Oxidation
Scheme 2-6. Synthetic Study toward Nickel-Pincer Complexes 54a and 54b
N N Me
R1
R2R
3
50a: R1 = R2 = R3 = H
50b: R1 = R3 = H, R2 = OMe
50c: R1 = R2 = OMe, R3 = H
50d: R1 = R2 = R3 = OMe
50e: R1 = R3 = H, R2 = CO2Me
N
Br Br
THF
reflux, 12 h
N
N N
N N
Me Me
R2R2
R1
R3R3
R1 2Br−
55a: R1 = R2 = R3 = H; 96%
55b: R1 = R3 = H, R2 = OMe; 72%
55c: R1 = R2 = OMe, R3 = H; 78%
55d: R1 = R2 = R3 = OMe; 78%
55e: R1 = R3 = H, R2 = CO2Me; 73%
N
N N
N N
Me Me
R2R2
R1
R3R3
R1
N
N N
N N
Me Me
R2R2
R1
R3R3
R1
56a: R1 = R2 = R3 = H; 76%
56b: R1 = R3 = H, R2 = OMe; 80%
56c: R1 = R2 = OMe, R3 = H; 63%
56d: R1 = R2 = R3 = OMe; 68%
56e: R1 = R3 = H, R2 = CO2Me; 21%
57a: R1 = R2 = R3 = H; 78%
57b: R1 = R3 = H, R2 = OMe; 75%
57c: R1 = R2 = OMe, R3 = H; 88%
57d: R1 = R2 = R3 = OMe; 77%
57e: R1 = R3 = H, R2 = CO2Me; 53%
AgCl
ClAg
Ni
Cl
Ag2O
4Å MS
ClCH2CH2Cl
reflux, 16 h
NiCl2(DME)
CH2Cl2, rt, 12 h
then AgBF4
rt, 8 h
Scheme 2-7. Synthesis of Variously Substituted Nickel-Pincer Complexes 57a-e
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Pincer 型ニッケル錯体群 57 の触媒活性の評価 
続いて，合成した pincer 型ニッケル錯体群 57a-e の鈴木－宮浦カップリング反応における触
媒活性を調べた．ここでは，前節で述べた “K3PO4 存在下，sBuOH 中，100 °C” という反応条件
を用い，4-bromobenzonitrile とフェニルボロン酸との反応を行った (Table 2-7)． 
まず，1 mol% のニッケル錯体 57a を用い反応を試みた結果，2 h で反応が完結し，目的とす
るビフェニル体 3 を高収率で得た (entry 1)．錯体 57a に比べて反応場であるニッケル金属周
辺の電子密度が高いことが予想される錯体 57b を用いた場合では，45 min というより短い反応
時間で反応が完結した (entry 2)．しかしながら，さらにニッケルの電子密度が高いと予想される錯
体 57c および 57d を用いた反応の完結には，それぞれ 1.5 h，3 h とより長い反応時間が必要
であった (entries 3 and 4)．一方で，リガンド上に電子求引基を有する錯体 57e は，本反応にお
いて，錯体 57a よりも低い触媒活性を示した (entry 5)． 
以上のように本節では，リガンドのイミダゾリン環上の 4 位に置換基 (Ph，4-MeO-C6H4，
3,4-(MeO)2-C6H3，3,4,5-(MeO)3-C6H2，4-CO2Me-C6H4) を導入した NHC 由来 pincer 型ニッケ
ル錯体群の合成，およびそれらの鈴木－宮浦カップリング反応における触媒活性について論述し
た．その結果，これらの置換基の電子的な性質の違いが錯体自体の反応性に大きく影響を及ぼ
すことを明確にした． 
N
N N
N N
Me Me
R2R2
R1
R3R3
R1
57a: R1 = R2 = R3 = H
57b: R1 = R3 = H, R2 = OMe
57c: R1 = R2 = OMe, R3 = H
57d: R1 = R2 = R3 = OMe
57e: R1 = R3 = H, R2 = CO2Me
Ni
Cl
Table 2-7. Nickelacycle 57-Catalyzed Suzuki-Miyaura Coupling Reaction
NC
Br
+ PhB(OH)2
1 mol% 57
K3PO4
sBuOH
100 °C, Time
Sealed Tube
NC
Ph
3
Entry
1
2
3
4
5
57
57a
57b
57c
57d
57e
Time
2 h
45 min
1.5 h
3 h
12 h
Yield (%)
77
88
82
84
71
Reagents: 4-bromobenzonitrile (0.20 mmol), PhB(OH)2 (0.60 mmol), 57 (0.0020 mmol),
                 K3PO4 (0.40 mmol), and sBuOH (1 mL).
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第 4 節 NHC 由来 pincer 型ニッケル錯体の構造と触媒活性の相関 
 
本節では，第 2 節および第 3 節の実験で得られた NHC 由来 pincer 型ニッケル錯体の構
造と触媒活性の相関について詳しく述べる． 
Figure 2-3 は，4-bromobenzonitrile とフェニルボロン酸との鈴木－宮浦カップリング反応にお
ける錯体 34a-d，57a-e および 1 の構造と触媒活性の相関について示したものである．ここでは，
触媒活性の指標として触媒回転効率 (TOF) を算出した． 
Figure 2-3. Structure-Activity Relationship in Suzuki-Miyaura Coupling Reaction 
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NC
Br
+ PhB(OH)2
1 mol% Nickel Complex
K3PO4
sBuOH, 100 °C, 20 min-12 h
Sealed Tube
NC
Ph
N
N N
N N
R1 R1
Ni
Cl
BF4−
34a: R1 = Mes
34b: R1 = DIPP
NN N
N N
R5 R5
Ni
X
Y−
1: R5 = Me, X = Y = Br
34c: R5 = Mes, X = Cl, Y = BF4
34d: R5 = DIPP, X = Cl, Y = BF4
N
N N
N N
Me Me
R3R3
R2
R4R4
R2
57a: R2 = R3 = R4 = H
57b: R2 = R4 = H, R3 = OMe
57c: R2 = R3 = OMe, R4 = H
57d: R2 = R3 = R4 = OMe
57e: R2 = R4 = H, R3 = CO2Me
Ni
Cl
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Figure 2-3 より，今回得られた錯体の構造活性相関の特徴として，以下に示す点が挙げられ
る． 
・ 6 員環の pincer 型ニッケル錯体を用いた反応において，イミダゾリン環の 3 位の窒素原子上
の置換基 (R1 in Figure 2-3) が mesityl 基あるいは 2,6-diisopropylphenyl 基である錯体 34a 
および 34b (TOF = 26 and 29) に比べて，メチル基を持つ錯体 57a の方が高い触媒活性を
示した (TOF = 39)． 
・ 電子的に多様な性質を持つニッケル錯体群の反応において，電子求引基 (4-CO2Me-C6H4) 
を有する錯体 57e を用いた場合 (TOF = 6) に比べ，錯体 57a，57b のように電子供与性置
換基を持つ錯体において，その触媒活性が高まるという傾向 (TOF = 39 and 117) が見られた．
その一方で，さらにニッケル周辺の電子密度が高いと予想される錯体 57c および 57d の触媒
活性は，錯体 57b (TOF = 117) と比較して大幅に低下した (TOF = 55 and 28)． 
・ 本反応において，5 員環のニッケル錯体である 1，34c および 34d は，6 員環のニッケル錯
体 34a，34b および 57a (TOF = 26，29，and 39) よりも高い触媒活性を持っている (TOF = 88，
107，and 264)． 
・ 5 員環のニッケル錯体を用いる反応において，イミダゾリン環の窒素原子上にメチル基を持つ
錯体 1 や mesityl 基を持つ錯体 34c (TOF = 88 and 107) と比較して，より嵩高い置換基であ
る 2,6-diisopropylphenyl 基を有する錯体 34d の方が高活性であった (TOF = 264)． 
これらの結果を併せると，イミダゾリン環の 3 位および 4 位にそれぞれ 2,6-diisopropylphenyl 
基および 4-methoxyphenyl 基を導入した 5 員環の NHC 由来  pincer 型ニッケル錯体 
(Figure 2-4) が，これまでに合成した錯体に比べてより高い触媒活性を有することが予想される．
加えて，母核であるピリジン環への置換基導入 (R3 in Figure 2-5) や配位原子の変化 (X and Y 
NN N
N N
DIPP DIPP
Ni
Cl
BF4−
OMeMeO
Figure 2-4. Plausible Highly Active Catalyst Figure 2-5. Easily Tunable Catalysts
Y
N N
N N
R1 R1
Ni
X
BF4−
R2R2
R2R2
R3
R3 R3
n n
n = 0, 1
X = Halogen, OTf, etc.
Y = N, C
R1 = Aryl, Alkyl, etc.
R2, R3 = EDG, EWG
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in Figure 2-5) などにより，さらに精密な触媒設計が可能であると考えている． 
以上のように著者は，立体的・電子的に多様性を持つ NHC 由来 pincer 型ニッケル錯体群を
合成し，それらの触媒活性の評価を行った．その結果，鈴木－宮浦カップリング反応において，メ
タラサイクルの環の大きさやリガンド上の置換基の変化による pincer 型リガンドの立体的・電子的
性質の違いが，ニッケル錯体自体の反応性に大きな影響を及ぼすことを見出した．今回の結果は，
pincer 型リガンドがその立体的・電子的性質の変化により錯体の反応性を容易に制御できるという
ことを示すものであり，精密触媒設計を行う上で非常に有用な知見である． 
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第 3 章 
実用的有機合成を指向したニッケル触媒 
クロスカップリング反応の開発 
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第 1 節 Pincer 型ニッケル錯体を用いる芳香族スルホネートの 
鈴木－宮浦カップリング反応の開発 
 
 本章では，実用的な有機合成を指向したクロスカップリング反応の開発を目的として，NHC 由
来 pincer 型ニッケル錯体を触媒とする幅広い基質の鈴木－宮浦カップリング反応について論述
する． 
 本節では，芳香族スルホネートを基質とする鈴木－宮浦カップリング反応についての検討結果を
述べる． 
芳香族トシレートの鈴木－宮浦カップリング反応の検討 
まず，5 mol% のニッケル錯体 34a 存在下，4-(p-toluenesulfonyloxy)benzonitrile (58) とフェニ
ルボロン酸との反応を行った (Table 3-1)．塩基として K3PO4 を用い，“120 °C，24 h” という反応
条件下，溶媒の検討を行った．その結果，DME を用いた際に，最も収率良く反応が進行すること
を明らかにした (entry 8)． 
 
Table 3-1. Suzuki-Miyaura Coupling Reaction of 4-(p-Toluenesulfonyloxy)benzonitrile with PhB(OH)2 (1)
NC
OTs
58
+ PhB(OH)2
5 mol% 34a
K3PO4
Solvent, 120 °C, 24 h
Sealed Tube
NC
Ph
10
Entry
1
2
3
4
5
6
7
8
Solvent
DMSO
DMF
ClCH2CH2Cl
Dioxane
Toluene
MeCN
THF
DME
Yield (%)a,b
11 (39)
37 (41)
43 (48)
40 (47)
58 (26)
63 (29)
69 (25)
95
Reagents: 4-(p-toluenesulfonyloxy)benzonitrile (0.10 mmol), PhB(OH)2 (0.30 mmol), 
                34a (0.0050 mmol), K3PO4 (0.20 mmol), and a solvent (1 mL).
a: Isolated yield.
b: Figure in parentheses is recovery yield of starting material.
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
 54
加えて，種々の炭酸塩，酢酸塩，およびフッ化物塩などを用いた塩基についての検討の結果，
当初の K3PO4 が本反応系に最も有効であることが明らかとなった (Table 3-2, entries 1-6)．一方
で，反応温度を 100 °C に下げる，あるいは用いる 34a の触媒量を 1 mol% に減らして反応を
試みたところ，いずれの場合も収率が低下した (entries 7 and 8)．さらに，他のニッケル錯体 
34b-d および 1 を用い，同様に反応を行った．触媒として錯体 34b を用いた反応では，反応完
結に 48 h を要するものの，収率良く目的とするカップリング成績体 10 が得られた (entry 9)．そ
れに対し，ニッケル錯体 34c，34d，および 1 を用いても，反応は低収率にとどまった (entries 
10-12)．著者は第 2 章で，芳香族ハライドの鈴木－宮浦カップリング反応において，5 員環のニ
ッケル錯体 34c および 34d が 6 員環の錯体 34a および 34b と比較して，高い触媒活性を
有することを述べた．今回の結果は，この芳香族ハライドの反応におけるニッケル錯体 34a-d の
触媒活性とは逆のものであり，芳香族トシレートの反応と芳香族ハライドの反応において，それぞ
れの触媒サイクルの律速段階が異なることに起因していると推測している． 
Table 3-2. Suzuki-Miyaura Coupling Reaction of 4-(p-Toluenesulfonyloxy)benzonitrile with PhB(OH)2 (2)
NC
OTs
58
+ PhB(OH)2
5 mol% "Ni"
Base
DME, 120 °C, 24 h
Sealed Tube
NC
Ph
10
Entry
1
2
3
4
5
6
7c
8d
9e
10
11
12
Base
K3PO4
Cs2CO3
K2CO3
Na2CO3
NaOAc
CsF
K3PO4
K3PO4
K3PO4
K3PO4
K3PO4
K3PO4
Yield (%)a,b
95
43 (46)
56 (33)
12 (78)
0 (46)
11 (39)
70 (26)
59 (33)
84
37 (49)
37 (52)
33 (55)
Reagents: 4-(p-toluenesulfonyloxy)benzonitrile (0.10 mmol), PhB(OH)2 (0.30 mmol), 
                "Ni" (0.0050 mmol), a base (0.20 mmol), and DME (1 mL).
a: Isolated yield.
b: Figure in parentheses is recovery yield of starting material.
c: 100 °C.
d: 1 mol% of 34a was used as a catalyst.
e: 48 h.
"Ni"
34a
34a
34a
34b
34c
34d
1
N
N N
N N
R R
n n
Ni
Cl
BF4−
34a: n = 1, R = Mes
34b: n = 1, R = DIPP
34c: n = 0, R = Mes
34d: n = 0, R = DIPP
NN N
N N
Me Me
Ni
Br
1
Br−
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続いて，種々の芳香族トシレートとフェニルボロン酸との反応を行った (Table 3-3)．その結果，5 
mol% の錯体 34a を用い，上述のように確立した反応条件下，電子求引基 (-CN，-Ac) を持つ
トシレート 58 および 59 の反応が円滑に進行し，高収率で目的とする成績体 10 および 23 を
得ることができた (entries 1 and 2)．しかしながら，電子供与基 (-OMe) を有する 60 や 2 位に
置換基が存在するトシレート 61 および 62 の反応では，低収率で目的生成物を得るにとどまっ
た (entries 3-5)．一方，1- および 2-naphthol や 3-hydroxypyridine から誘導される基質 63-65 
も，本反応系に適用可能であった (entries 6-8)． 
Table 3-3. Suzuki-Miyaura Coupling Reaction of Various Aryl Tosylates with PhB(OH)2
OTs
58-65
+ PhB(OH)2
5 mol% 34a
K3PO4
DME, 120 °C, 24 h
Sealed Tube Ph
Ar Ar
10, 12, 16, 17, 21-23, 66
OTs
Me
O
59
OTs
NC
58
OTs
64
OTs
63
N
OTs
65
OTs
MeO
60
OTs
CN
61
OTs
62
Me
O
1
2
3b
4b
5
6
7
8
Ph
Me
O
23
Ph
NC
10
Ph
66
Ph
21
N
Ph
22
Ph
MeO
12
Ph
CN
16
Ph
17
Me
O
95
78
20
17
12
73
76
69
Entry Ar−OTs Product Yield (%)a
Reagents: an aryl tosylate (0.10 mmol), PhB(OH)2 (0.30 mmol), 34a (0.0050 mmol),
                 K3PO4 (0.20 mmol), and DME (1 mL).
a: Isolated yield.
b: 48 h.
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
 56
ボロン酸の適用範囲についても検討を行った (Tables 3-4 and 3-5)． 
  まずはじめに，基質として 4-(p-toluenesulfonyloxy)benzonitrile (58) および 4-(p-toluenesulfo- 
nyloxy)acetophenone (59) を用い検討を行った結果 (Table 3-4)，4 位に電子供与基 (-OMe) あ
るいは 電子求引基 (-CN) を持つフェニルボロン酸との反応が，同様の条件下，収率良く進行し
た (entries 1，6 and 7)．また，3 位あるいは 2 位に置換基を有するボロン酸を用いても，反応が
Table 3-4. Suzuki-Miyaura Coupling Reaction of Aryl Tosylates with Various Boronic Acids (1)
OTs
58, 59
+ RB(OH)2
5 mol% 34a
K3PO4
DME, 120 °C, 24 h
Sealed Tube R
Ar Ar
36, 41, 42, 67-72R = Aryl, Alkenyl
OTs
Me
O
59
OTs
NC
58
B(OH)2
B(OH)2
B(OH)2
B(OH)2
MeO
NC
Me
Me
B(OH)2
OMe
B(OH)2
B(OH)2
MeO
B(OH)2Me
B(OH)2
Reagents: an aryl tosylate (0.10 mmol), RB(OH)2 (0.30 mmol), 34a (0.0050 mmol),
                 K3PO4 (0.20 mmol), and DME (1 mL).
a: Isolated yield.
b: 48 h.
NC OMe
36
NC
NC
Me
Me
NC
MeO
NC
67
68
69
41
OMe
Me
O
CN
Me
O
70
71
Me
O
Me
O
Me
72
42
1
2
3
4
5
6
7b
8
9
55
59
52
58
74
71
48
79
69
Entry Ar−OTs RB(OH)2 Product Yield (%)a
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
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円滑に進行し，良好な収率で対応するビフェニル類 67-69 および 72 を得た (entries 2-4 and 8)．
加えて，(E)-pentenylboronic acid も本反応系に適用することができ，概ね満足できる収率で望む
成績体 41 および 42 が得られた (entries 5 and 9)． 
 1-(p-Toluenesulfonyloxy)naphthalene (63)，2-(p-toluenesulfonyloxy)naphthalene (64)，および 
3-(p-toluenesulfonyloxy)pyridine (65) といった芳香族トシレートと広範なボロン酸とのカップリング
反応も円滑に進行し，様々な置換パターンを有するビフェニル類 30，31，37，73，74，76-78 およ
びスチレン誘導体 75 と 79 を収率良く得ることができた (Table 3-5)． 
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Table 3-5. Suzuki-Miyaura Coupling Reaction of Aryl Tosylates with Various Boronic Acids (2)
OTs
63-65
+ RB(OH)2
5 mol% 34a
K3PO4
DME, 120 °C, 24 h
Sealed Tube R
Ar Ar
30, 31, 37, 73-79R = Aryl, Alkenyl
Entry
1
2
3
4
5
6
7
8
9
10
OTs
OTs
N
OTs
63
64
65
B(OH)2
B(OH)2
B(OH)2
B(OH)2
MeO
NC
Me
Me
B(OH)2
B(OH)2
B(OH)2
MeO
NC
B(OH)2
B(OH)2
B(OH)2
MeO
NC
24
48
24
48
24
48
48
48
48
48
66
91
72
49
65
51
57
55
86
83
OMe
CN
Me
31
73
74
75
CN
OMe
76
77
Me
78
79
N
OMe
N
CN
30
37
Ar−OTs RB(OH)2 Time (h) Product Yield (%)a
Reagents: an aryl tosylate (0.10 mmol), RB(OH)2 (0.30 mmol), 34a (0.0050 mmol), K3PO4 (0.20 mmoL),
                 and DME (1 mL).
a: Isolated yield.
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
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鈴木－宮浦カップリング反応を用いる 4-アリールクマリン類，ピラノン類，およびキノロン類の合成 
 さらなる基質適用範囲の拡大のため，アルケニルトシレート類の反応も試みた． 
 まず，5 mol% の pincer 型ニッケル錯体 34a を用い，4-(p-toluenesulfonyloxy)coumarin (80) 
の鈴木－宮浦カップリング反応を行った (Table 3-6)．その結果，K3PO4 存在下，“DME 中，
100 °C あるいは 120 °C” という反応条件を用いることで，80 と種々のフェニルボロン酸との反応
が円滑に進行し，高収率でカップリング体 83-85 が得られた (entries 1-3)．同様に，トシレート 81 
および 82 を基質として，幅広い 4-arylcoumarin 類 86-89 を効率的に調製することができた 
(entries 4-8)．なおこれらの化合物は，興味深い生理活性を有することが報告されている．57) 
 60
 
O O
OTs
O O
OTs
O O
OTs
Me
80
MeO
81
82
O O
OTs
80-82
R1 = H, OMe, Me
Table 3-6. Suzuki-Miyaura Coupling Reaction of 4-(p-Toluenesulfonyloxy)coumarins
+
R2
B(OH)2
5 mol% 34a
K3PO4
DME, Conditions
Sealed Tube
R2 = H, OMe, CN
O
O
R2
R1
R1
O
O
O
O
Me
O
O
MeO
O
O
O
O
O
O
MeO
O
O
Me
OMe
CN
OMe
OMe
83
84
85
86
87
88
89
83-89
Entry R−OTs R2
H
OMe
CN
H
OMe
H
OMe
1
2
3
4
5
6
7
Conditions
100 °C, 12 h
120 °C, 2 h
120 °C, 3 h
120 °C, 3 h
120 °C, 4 h
120 °C, 3 h
120 °C, 4 h
73
90
44
62
65
52
76
Product Yield (%)a
Reagents: 4-(p-toluenesulfonyloxy)coumarins (0.10 mmol), ArB(OH)2 (0.30 mmol), 34a (0.0050 mmol),
                 K3PO4 (0.20 mmol), and DME (1 mL).
a: Isolated yield.
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
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 また，同様の反応条件下， 6-methyl-4-(p-toluenesulfonyloxy)-2-pyranone (90) および 1-meth- 
yl-4-(p-toluenesulfonyloxy)-2-quinolone (91) の種々のフェニルボロン酸とのカップリング反応も円
滑に進行し，4-aryl-2-pyranone 類 92-94 および 4-aryl-2-quinolone 類 95-97 を高収率で得た 
(Table 3-7)．これらの化合物もまた，種々の生理活性を持つことが知られている．58) 
X O
OTs
90, 91
+
R3
B(OH)2
5 mol% 34a
K3PO4
DME, Conditions
Sealed Tube
R3 = H, OMe, CN
R2 R1
X
O
R3
92-97
R1
R2
X = O, NMe
Entry R−OTs R3
H
OMe
CN
H
OMe
CN
1
2
3
4b
5b
6
Conditions
100 °C, 12 h
120 °C, 5 h
120 °C, 16 h
100 °C, 16 h
80 °C, 36 h
100 °C, 16 h
84
87
86
87
77
86
Product Yield (%)a
Me O O
OTs
90
N
Me
O
OTs
91
Me
O
O
Me
O
O
Me
O
O
OMe
CN
92
93
94
MeN
O
MeN
O
MeN
O
OMe
CN
95
96
97
Reagent: an alkenyl tosylate (0.10 mmol), ArB(OH)2 (0.30 mmol), 34a (0.0050 mmol),
               K3PO4 (0.20 mmol), and DME (1 mL).
a: Isolated yield.
b: 0.15 mmol of boronic acid was used.
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
Table 3-7. Suzuki-Miyaura Coupling Reaction of 4-(p-Toluenesulfonyloxy)pyranones and Quinolones
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 これまでに，Table 3-6 および 3-7 に示すような 4-(p-toluenesulfonyloxy)coumarin，pyranone，
および quinolone の鈴木－宮浦カップリング反応による置換基修飾の例は決して多くない．59) 具
体例として，Pd(OAc)2/PCy3，59g) Ni(cod)2/PCy3，59a) あるいは RhCl(PPh3)3/DPPF 59h,i) などを触媒
系とする反応が挙げられるが，これらの反応系では，用いる触媒が不安定で空気中で扱うことが困
難である，または収率が中程度であるといった問題点があった．これに比べて著者らは，極めて実
用性の高い触媒系を構築したと考えている． 
芳香族メシレートの鈴木－宮浦カップリング反応の検討 
 さらに，芳香族メシレートの鈴木－宮浦カップリング反応についても検討を行った． 
 まず，5 mol% のニッケル錯体 34a 存在下，4-methanesulfonyloxybenzonitrile (98) とフェニル
ボロン酸との反応を行った (Table 3-8)．はじめ，前述の芳香族トシレートの反応において確立した， 
“DME 中，120 °C，24 h” という条件を用いて反応を試みたが，低収率でカップリング体 10  を
得るにとどまった (entry 1)．そこで，用いる溶媒について検討した結果 (entries 2-8)，dioxane 中
Table 3-8. Suzuki-Miyaura Coupling Reaction of 4-Methanesulfonyloxybenzonitrile with PhB(OH)2
NC
OMs
98
+ PhB(OH)2
5 mol% "Ni"
K3PO4
Solvent, 120 °C, 24 h
Sealed Tube
NC
Ph
10
Entry
1
2
3
4
5
6
7
8
9
10
11
12
"Ni"
34a
34b
34c
34d
1
Solvent
DME
THF
DMSO
DMF
ClCH2CH2Cl
MeCN
Toluene
Dioxane
Dioxane
Dioxane
Dioxane
Dioxane
Yield (%)a,b
8 (86)
10 (75)
0 (79)
trace (82)
40 (44)
16 (73)
38 (56)
63 (23)
56 (24)
38 (46)
25 (55)
28 (58)
Reagents: 4-(methanesulfonyloxy)benzonitrile (0.10 mmol), PhB(OH)2 (0.30 mmol), 
                "Ni" (0.0050 mmol), K3PO4 (0.20 mmol), and a solvent (1 mL).
a: Isolated yield.
b: Figure in parentheses is recovery yield of starting material.
N
N N
N N
R R
n n
Ni
Cl
BF4−
34a: n = 1, R = Mes
34b: n = 1, R = DIPP
34c: n = 0, R = Mes
34d: n = 0, R = DIPP
NN N
N N
Me Me
Ni
Br
1
Br−
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反応を行うことで，23% の原料が回収されたものの，最も良い収率で成績体が得られた (entry 8)．
一方，他のニッケル錯体の本反応における触媒活性について調べたところ，錯体 34b を用いた
場合は 34a とほぼ同様の結果が得られたのに対し (entry 9)，錯体 34c，34d，および 1 の反応
では，低収率で 10 が得られるのみであった (entries 10-12)．これは，トシレートの反応における
錯体構造と触媒活性の相関と類似するものである． 
 加えて，用いる基質とボロン酸の適用範囲について検討を行った結果，幅広い芳香族メシレート 
98-102 と種々のボロン酸との反応が進行し，中程度の収率ではあるものの，対応するカップリング
成績体を得ることができた (Table 3-9)． 
以上のように著者は，NHC 由来 pincer 型ニッケル錯体が，芳香族トシレートおよびメシレート
の鈴木－宮浦カップリング反応において高い触媒活性を有することを明らかにした．加えて，同様
の反応系を用いることで，生理活性化合物としても重要である 4-arylcoumarin，4-aryl-2-pyranone，
および 4-aryl-2-quinolone 類を効率的に合成することができた．今後は，精密な触媒設計を行う
ことで，より穏和な条件下反応が進行する実用的な高活性触媒系を構築していくと同時に，本触
媒系を，芳香族スルホネートを用いた広範なクロスカップリング反応にも適用できると考えている． 
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Table 3-9. Suzuki-Miyaura Coupling Reaction of Aryl Mesylates with Various Boronic Acids
OMs
98-102
+ RB(OH)2
5 mol% 34a
K3PO4
Dioxane, 120 °C, 24 h
Sealed Tube R
R = Aryl, Alkenyl
Ar Ar
OMs
NC
OMs
Me
O
OMs
OMs
N
OMs
98
99
100
101
102
OMs
NC
98
OMs
Me
O
99
OMs
100
OMs
100
OMs
101
OMs
101
1
2
3
4
5
6
7
8
9
10
11
63
24
46
38
83
59
30
73
69
28
36
Entry Ar−OMs RB(OH)2 Product Yield (%)a
B(OH)2
B(OH)2
B(OH)2
MeO
NC
B(OH)2
B(OH)2
B(OH)2
B(OH)2
B(OH)2
B(OH)2
MeO
B(OH)2
MeO
B(OH)2
MeO
NC OMe
NC
10
36
OMe
Me
O
Me
O
23
70
OMe
CN
21
31
73
OMe
66
76
79
N
22
Reagents: an aryl mesylate (0.10 mmol), RB(OH)2 (0.30 mmol), 34a (0.0050 mmol), K3PO4 (0.20 mmol),
                 and dioxane (1 mL).
a: Isolated yield.
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
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第 2 節 C(sp3)−X 結合の活性化を利用するクロスカップリング反応の開発 
 
 本節では，C(sp3)−X 結合の活性化を利用する鈴木－宮浦カップリング反応の結果を述べる． 
 まずはじめに，β-水素脱離が競合しない第 1 級ベンジルハライドを用いた鈴木－宮浦カップリ
ング反応を行った． 
5 mol% の NHC 由来 pincer 型ニッケル錯体 34d を用い，“120 °C，16 h” という条件下， 
4-cyanobenzyl bromide とフェニルボロン酸との反応における溶媒の検討を行った結果 (Table 
3-10)，MeCN 中反応を行うことで，最も収率良くカップリング体 103 が得られた (entry 7)．さらに，
反応温度を 100 °C としても収率の低下なく反応が進行したが (entry 8)，80 °C の反応では，
45% という収率にとどまった (entry 9)．また，いずれの反応においても，5% ほどではあるが，ホ
モカップリング体 104 の生成が確認された．  
 
 
 
Table 3-10. Suzuki-Miyaura Coupling Reaction of 4-Cyanobenzyl Bromide with PhB(OH)2
NC
Br
+ PhB(OH)2
NC
Ph
+
5 mol% 34d
K3PO4
Solvent, Conditions
Sealed Tube
NC
CN103 104
Entry
1
2
3
4
5
6
7
8
9
Solvent
DMSO
DMF
ClCH2CH2Cl
DME
Dioxane
Toluene
MeCN
MeCN
MeCN
Conditions
120 °C, 16 h
100 °C, 24 h
80 °C, 24 h
Yield (%)a
0
trace
33
36
57
57
75
81
45
Reagents: 4-cyanobenzyl bromide (0.10 mmol), PhB(OH)2 (0.30 mmol), 34d (0.0050 mmol),
                 K3PO4 (0.20 mmol), and a solvent (1 mL).
a: Isolated yield.
NN N
N N
DIPP DIPP
Ni
Cl
BF4−
34d
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続いて，種々の第 1 級ベンジルハライドおよびボロン酸を用いた反応も試みた (Table 3-11)．
4-Cyanobenzyl bromide および 4-methoxybenzyl bromide の反応では，それぞれ 44%，36% と
いう収率で目的生成物 105 および 106 を得るにとどまった (entries 1 and 2)．それに対し，基質
としてベンジルクロリドを用いることで，より穏和な条件下，広範なフェニルボロン酸との反応が進行
し，高収率でカップリング成績体 103，105，107-109 が得られた (entries 3-7)．今後は，種々のベ
ンジルハライドを用いた反応に加え，β-水素脱離が競合するためにより適用が困難であると予測さ
れる第 1 級および第 2 級アルキルハライドのクロスカップリング反応にも展開できると考えてい
る． 
Table 3-11. Suzuki-Miyaura Coupling Reaction of Various Benzyl Halides with Boronic Acids
X +
5 mol% 34d
K3PO4
MeCN, Temp., 24 h
Sealed Tube
103, 107-109
B(OH)2
Ar1 Ar1
X = Br, Cl
Ar2 Ar2
NN N
N N
DIPP DIPP
Ni
Cl
BF4−
34d
NC
Br
MeO
Br
NC
Cl
NC
Cl
NC
Cl
NC
Cl
MeO2C
Cl
NC
B(OH)2
MeO
B(OH)2
MeO
B(OH)2
B(OH)2
B(OH)2
B(OH)2
B(OH)2Me
NC OMe
MeO
NC
NC OMe
NC CN
NC
MeO2C
Me
103
105
105
106
107
108
109
Entry
1
2
3
4
5
6
7
100
100
80
60
80
80
80
Bn−X Ar2B(OH)2 Temp. (°C) Product Yield (%)a
44
35
71
65
71
73
75
Reagents: a benzyl halide (0.10 mmol), Ar2B(OH)2 (0.30 mmol), 34d (0.0050 mmol), K3PO4 (0.20 mmol),
                 and MeCN (1 mL).
a: Isolated yield.
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終章 
 
著者は本論文において，NHC 由来 pincer 型ニッケル錯体群の合成と，それらを用いたクロス
カップリング反応について論述してきた． 
第 1 章では，前例のなかった NHC 由来 pincer 型新規ニッケル錯体の合成，およびその触
媒反応への適用についての検討結果を述べた．その結果，溝呂木－Heck 反応 (第 1 節，
Scheme 4-1)60) をはじめとして，鈴木－宮浦カップリング反応や熊田－玉尾－Corriu カップリング
反応 (第 2 節，Scheme 4-2)61) において，本錯体が高い触媒活性を有することを明らかにした．
また，特に本錯体を用いた溝呂木－Heck 反応において，その収率の経時変化に比較的長い反
応誘導時間を観測し，金属水銀の滴下によって反応の進行が阻害された．それらの実験結果から，
反応系内で不均一系触媒活性種が生成している可能性が示唆された． 
第 2 章では，幅広い置換様式を持つ pincer 型ニッケル錯体の合成とその触媒活性について
論述した．著者はまず，立体的に幅広い性質を有するニッケル錯体群 (Figure 4-1) を合成し，そ
の構造決定を行った．その結果，それぞれの錯体が持つ特徴的な立体的性質を明確にした (第 
X
Ar1 CO2Bu
X = Br, Cl
Ar1
Ar2
Ar1
CO2Bu
Scheme 4-1. Nickel-Catalyzed Mizoroki-Heck Reaction
+
1-5 mol% 1
Na2CO3 or K2CO3
Bu4NI
DMF, 150 °C
Sealed Tube
X
Ar1
Ar2B(OH)2, K3PO4
Dioxane, 120 °C
Sealed Tube
Ar3MgCl
THF, rt
NN N
N N
Me Me
Ni
Br
1
Br−
NN N
N N
Me Me
Ni
Br
1
Br−
Scheme 4-2. Nickel-Catalyzed Suzuki-Miyaura and Kumada-Tamao-Corriu Coupling Reactions
X = Br, Cl, F
Ar3
Ar1
0.1-5 mol% Nickelacycle 1
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1 節)．加えて，それらを鈴木－宮浦カップリング反応に適用した結果，いずれの錯体も高い触媒
活性を有することを見出した (Scheme 4-3)．さらに，錯体構造の違いによって異なる触媒活性を
示すことも明らかにした (第 2 節)．62) また同様に，電子的に幅広い性質を持つニッケル錯体群 
(Figure 4-2) の合成とその触媒活性の評価を行った結果，リガンドの電子的性質の違いも反応性
に大きな影響を及ぼすことを見出した (第 3 節)．これらの結果は，pincer 型リガンドがその立体
的・電子的性質を変化させることで錯体の反応性を容易に制御可能であることを示すものであり，
精密触媒設計を行う上で非常に有用な知見である． 
第 3 章では，実用的な有機合成を指向したクロスカップリング反応の結果を述べた．まずはじ
めに，芳香族トシレートやメシレートの鈴木－宮浦カップリング反応を行った．その結果，NHC 由
来 pincer 型ニッケル錯体を触媒として用いることで，幅広い芳香族トシレートやメシレートのボロ
ン酸との反応が円滑に進行することを見出した (Scheme 4-4)．加えて，同様の反応条件下，
4-(p-toluenesulfonyloxy)coumarin，4-(p-toluenesulfonyloxy)-2-pyranone，および 4-(p-toluene- 
sulfonyloxy)-2-quinolone 類の反応も円滑に進行した (第 1 節)．63) 今後，トシレートおよびメシ
レートを用いた広範なクロスカップリング反応に適用することで，本触媒系の有機合成における実
用的価値をさらに高められると考えている． 
N
N N
N N
R R
n n
Ni
Cl
BF4−
34a: n = 1, R = Mes
34b: n = 1, R = DIPP
34c: n = 0, R = Mes
34d: n = 0, R = DIPP
Figure 4-1. Various Nickel-Pincer Complexes Scheme 4-3. Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction
X
Ar1
X = Br, Cl
R
Ar1sBuOH
100-120 °C
1 mol% 34a-d
K3PO4+ RB(OH)2
R = Aryl, Alkenyl
Figure 4-2. Electrically Varied Nickel-Pincer Complexes
N
N N
N N
Me Me
Ni
Cl
R2
R3
R1
R3
R2
R1
BF4−
57a: R1 = R2 = R3 = H
57b: R1 = R3 = H, R2 = OMe
57c: R1 = R2 = OMe, R3 = H
57d: R1 = R2 = R3 = OMe
57e: R1 = R3 = H, R2 = CO2Me
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さらに著者は，アルキルハライドを用いるクロスカップリング反応の開発を目的とし，その第 1 歩
として β-水素脱離が競合しない第 1 級ベンジルハライドの鈴木－宮浦カップリング反応を行った 
(第 2 節，Scheme 4-5)．今後，様々なベンジルハライドの反応に加え，β-水素脱離が競合するた
めに適用が困難であると予測される第 1 級および第 2 級アルキルハライドを用いた反応への展
開を考えている． 
 
 
 
 
 
 
 
 
 
Scheme 4-4. Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction of Sulfonates
X
Ar1
X = OTs, OMs R
Ar1
DME or Dioxane
80-120 °C
Sealed Tube
5 mol% 34a
K3PO4+ RB(OH)2
R = Aryl, Alkenyl
Y O
OTs
R1
R2
Y = O, NMe
Y O
R
R1
R2
N
N N
N N
Mes Mes
Ni
Cl
BF4−
34a
Scheme 4-5. Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction of Benzyl Halides
XAr
1 Ar2B(OH)2+
X = Br, Cl
5 mol% 34d
K3PO4
MeCN, 60-100 °C
Sealed Tube
Ar2Ar
1 NN N
N N
DIPP DIPP
Ni
Cl
BF4−
34d
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Experimental Section 
 
General Method 
All reactions were carried out under Ar atmosphere unless otherwise noted. N,N-Dimethyl- formamide and 
dimethyl sulfoxide were distilled from CaH2 under Ar atmosphere. Tetrahydrofuran and dioxane were 
distilled from benzophenone ketyl under Ar atmosphere. Anhydrous sec-butanol and acetonitrile were 
purchased from Aldrich. Melting points were measured with a Yazawa micro melting point apparatus and 
uncorrected. IR spectra were recorded on a SHIMADZU FTIR-8400. 1H-NMR and 13C-NMR spectra were 
recorded on a JEOL JMN AL400 and ECA600 using tetramethylsilane as an internal standard. Chemical 
shifts are expressed in δ (ppm) values and coupling constants (J) are expressed in hertz (Hz). The following 
abbreviations are used: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, sept = 
septet, dd = double doublet, dt = double triplet, td = triple doublet, tt = triple triplet, ddd = double double 
doublet, m = multiplet, br = broad signal and br.s = broad singlet. Mass spectra and high resolution mass 
spectra were measured on JEOL JMS-DX303, JMS-700, and JMS-T100GC instruments, respectively. 
 
第 1 章第 1 節に関する実験 
 
2,6-Bis(1-methylimidazolium-3-yl)pyridine Dibromide (2) 
A mixture of 2,6-dibromopyridine (6.4 g, 27 mmol) and 1-methylimidazole (8.8 g, 8.6 mL, 107 mmol) was 
heated in a sealed tube at 150 °C for 3 h. The resulting precipitate was collected by filtration, washed with 
CHCl3 (20 mL x 3) and Et2O (20 mL x 3), and dried in vacuo (7.6 g, 71%). The residue was recrystallized 
from MeOH to give a white solid. 
Mp: >300 °C. 
NN N
NN
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2Br-
 71
600 MHz 1H-NMR (DMSO-d6) δ (ppm): 4.06 (6H, s), 8.04 (2H, s), 8.25 (2H, d, J = 5.3 Hz), 8.58 (1H, t, J = 
5.3 Hz), 8.77 (2H, s), 10.62 (2H, s). 
150 MHz 13C-NMR (DMSO-d6) δ (ppm): 36.3, 114.0, 118.9, 124.8, 136.1, 144.6, 145.0. 
 
[2,6-Bis(3-methylimidazolin-2-ylidene)pyridine]bromonickel Bromide (1) 
A mixture of Ni(OAc)2 (0.80 g, 4.4 mmol), 2 (1.6 g, 4.0 mmol), Bu4NBr (1.3 g, 4.0 mmol), and degassed 
DMSO (20 mL) was stirred at room temperature for 3 h, then heated at 50 °C for 12 h, and then at 160 °C for 
1 h. After cooling to room temperature, the resulting brown precipitate was collected by filtration, washed 
with DMSO (5 mL x 2), CH3CN (10 mL x 3), CHCl3 (10 mL x 3), and Et2O (10 mL x 3), and dried in vacuo 
(1.3 g, 66%). The residue was purified by recrystallization from MeOH to give a light brown needle. 
Mp: >300 °C 
1H-NMR (600 MHz, DMSO-d6) δ (ppm): 4.00 (6H, s), 7.57 (2H, s), 7.85 (2H, d, J = 5.6 Hz), 8.31 (2H, s), 
8.45 (1H, t, J = 5.6 Hz). 
Anal. Calcd for C13H13N5Br2Ni: C, 34.11; H, 2.86; N, 15.30. Found: C, 34.01; H, 2.95; N, 15.12. 
 
Typical Procedure for Nickel-Catalyzed Heck Reaction (Table 1-1, entry 1) 
A mixture of 4-bromobenzonitrile (0.18 g, 1.0 mmol), butyl acrylate (0.64 g, 5.0 mmol), 1 (0.023 g, 0.050 
mmol), Na2CO3 (0.32 g, 3.0 mmol), Bu4NI (1.1 g, 3.0 mmol), and DMF (5 mL) in a sealed tube was heated to 
150 °C for 72 h. After cooling to room temperature, the reaction mixture was treated with H2O (15 mL) and 
extracted with AcOEt (15 mL x 3). The combined extracts were washed with 3N HCl aq. (15 mL x 2) and 
saturated aqueous NaCl (15 mL x 2), and the organic layer was dried over MgSO4. The solvent was removed 
under reduced pressure and the residue was purified by silica gel column chromatography using 
hexane/AcOEt (19 : 1 to 9 : 1) as an eluent to obtain 3 as a pale yellow oil (0.15 g, 65%).  
NN N
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Butyl 4-Cyanocinnamate (3) 
 
 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.97 (3H, t, J = 7.2 Hz), 1.44 (2H, sext, J = 7.2 Hz), 1.70 (2H, 
quint, J = 7.2 Hz), 4.23 (2H, t, J = 7.2 Hz), 6.52 (1H, d, J = 18.4 Hz), 7.60-7.69 (5H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 19.2, 30.7, 64.8, 113.3, 118.3, 121.8, 128.3, 132.5, 138.6, 
142.0, 166.1. 
IR ν (film) cm−1: 1277, 1639, 1713, 2228. 
EI-MS m/z (relative intensity): 229 (M+, 28.6%), 156 (M+−73, 100%). 
HRMS Calcd for C14H15NO2: 229.1102, found: 229.1086. 
 
Butyl 4-Formylcinnamate (4) 
 
 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.97 (3H, t, J = 7.2 Hz), 1.45 (2H, sext, J = 7.2 Hz), 1.70 (2H, 
quint, J = 7.2 Hz), 4.23 (2H, t, J = 7.2 Hz), 6.55 (1H, d, J = 16.0 Hz), 7.67-7.72 (3H, m), 7.90 (2H, d, J = 8.4 
Hz), 10.03 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 19.2, 30.7, 64.7, 121.4, 128.4, 130.0, 137.0, 140.0, 142.6, 
166.3, 191.2. 
IR ν (film) cm−1: 1281, 1639, 1703, 1713. 
EI-MS m/z (relative intensity): 232 (M+, 29.6%), 176 (M+−56, 100%), 159 (M+−73, 58.6%), 131 (M+−101, 
28.5%). 
HRMS Calcd for C14H16O3: 232.1099. Found: 232.1089. 
 
 
CO2Bu
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Butyl 4-Butoxycarbonylcinnamate (5) 
 
 
Pale yellow oil. 
IR ν (film) cm−1: 1277, 1639, 1715, 1720. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.95-1.00 (6H, m), 1.40-1.53 (4H, m), 1.66-1.79 (4H, m), 4.22 
(2H, t, J = 6.6 Hz), 4.33 (2H, t, J = 6.6 Hz), 6.52 (1H, d, J = 16.2 Hz), 7.58 (2H, d, J = 8.2 Hz), 7.69 (1H, d, J 
= 16.2 Hz), 8.04 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.78, 13.79, 19.2, 19.3, 30.8 (2 carbons), 64.6, 65.0, 120.5, 
127.7, 129.9, 131.6, 138.4, 143.0, 165.8, 166.4. 
EI-MS m/z (relative intensity): 304 (M+, 9.6%), 248 (M+−56, 12.8%), 231 (M+−73, 37.6%), 192 (M+−112, 
64.1%), 127 (M+−177, 100%). 
HRMS Calcd for C18H24O4: 304.1675, found: 304.1678. 
 
Butyl Cinnamate (6) 
 
 
Colorless oil. 
IR ν (film) cm−1: 1281, 1638, 1715. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.97 (3H, t, J = 7.2 Hz), 1.44 (2H, sext, J = 7.2 Hz), 1.69 (2H, 
quint, J = 7.2 Hz), 4.21 (2H, t, J = 7.2 Hz), 6.44 (1H, d, J = 16.1 Hz), 7.37-7.38 (3H, m), 7.52 (2H, dd, J = 
6.8, 3.0 Hz), 7.68 (1H, d, J = 16.1 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 19.3, 30.8, 64.4, 118.2, 127.9, 128.8, 130.1, 134.4, 144.4, 
166.9. 
EI-MS m/z (relative intensity): 204 (M+, 34.0%), 148 (M+−56, 91.0%), 131 (M+−73, 100%), 103 (M+−101, 
40.2%), 77(M+−127, 21.7%). 
HRMS Calcd for C13H16O2: 204.1150, found: 204.1131. 
CO2Bu
CO2Bu
BuO2C
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Butyl 4-Methylcinnamate (7) 
 
 
Colorless oil. 
IR ν (film) cm−1: 1275, 1638, 1713. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.96 (3H, t, J = 7.1 Hz), 1.44 (2H, sext, J = 7.1 Hz), 1.69 (2H, 
quint, J = 7.1 Hz), 2.37 (3H, s), 4.20 (2H, t, J = 7.1 Hz), 6.39 (1H, d, J = 16.0 Hz), 7.18 (2H, d, J = 8.4 Hz), 
7.42 (2H, d, J = 8.4 Hz), 7.65 (1H, d, J = 16.0 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 19.3, 21.5, 30.8, 64.3, 117.1, 127.9, 129.5, 131.7, 140.5, 
144.4, 167.2. 
EI-MS m/z (relative intensity): 218 (M+, 42.7%), 162 (M+−56, 100%), 145 (M+−73, 96.0%), 117 (M+−101, 
27.0%), 91 (M+−127, 14.7%). 
HRMS Calcd for C14H18O2: 218.1307, found: 218.1299. 
 
Butyl 4-Methoxycinnamate (8) 
 
 
Colorless oil. 
IR ν (film) cm−1: 1252, 1288, 1634, 1713. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.96 (3H, t, J = 7.1 Hz), 1.44 (2H, sext, J = 7.1 Hz), 1.68 (2H, 
quint, J = 7.1 Hz), 3.83 (3H, s), 4.19 (2H, q, J = 7.1 Hz), 6.30 (1H, d, J = 16.0 Hz), 6.89 (2H, d, J = 8.6 Hz), 
7.47 (2H, d, J = 8.6 Hz), 7.63 (1H, d, J = 16.0 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 19.3, 30.9, 55.4, 64.2, 114.2, 115.7, 127.1, 129.6, 144.1, 
161.2, 167.3. 
EI-MS m/z (relative intensity): 234 (M+, 85.0%), 178 (M+−56, 100%), 161 (M+−73, 98.6%), 133 (M+−101, 
25.6%), 101 (M+−133, 52.8%), 57 (M+−177, 10.7%). 
HRMS Calcd for C13H18O3: 234.1256, found: 234.1253. 
CO2Bu
Me
CO2Bu
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Butyl 4-Acetylcinnamate (9) 
 
 
 
Colorless oil. 
IR ν (film) cm−1: 1275, 1638, 1713. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.97 (3H, t, J = 7.2 Hz), 1.44 (2H, sext, J = 7.2 Hz), 1.70 (2H, 
quint, J = 7.2 Hz), 2.62 (3H, s), 4.22 (2H, t, J = 7.2 Hz), 6.53 (1H, d, J = 16.1 Hz), 7.60 (2H, d, J = 8.6 Hz), 
7.69 (1H, d, J = 16.1 Hz), 7.96 (2H, d, J = 8.6 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 19.2, 26.7, 30.7, 64.6, 120.7, 128.0, 128.7, 137.8, 138.7, 
142.8, 166.4, 197.1. 
EI-MS m/z (relative intensity): 246 (M+, 54.7%), 231 (M+−15, 83.5%), 175 (M+−71, 100%), 147 (M+−99, 
10.1%), 131 (M+−115, 24.3%), 43 (M+−203, 23.8%). 
HRMS Calcd for C15H18O3: 246.1256, found: 246.1243. 
 
Hg Drop Test for Nickel-Catalyzed Heck Reaction  
A mixture of 4-bromobenzonitrile (0.18 g, 1.0 mmol), butyl acrylate (0.64 g, 5.0 mmol), 1 (0.023 g, 0.050 
mmol), Na2CO3 (0.32 g, 3.0 mmol), Bu4NI (1.1 g, 3.0 mmol), and DMF (5 mL) in a sealed tube was heated to 
150 °C for 72 h. Hg was dropped into the reaction mixture either 4 h, 24 h, or 48 h after the reaction started. 
After cooling to room temperature, the reaction mixture was treated with H2O (15 mL) and extracted with 
AcOEt (15 mL x 3). The combined extracts were washed with 3N HCl aq. (15 mL x 2) and saturated aqueous 
NaCl (15 mL x 2), and the organic layer was dried over MgSO4. The solvent was removed under reduced 
pressure and the residue was purified by silica gel column chromatography using hexane/AcOEt (19 : 1 to 9 : 
1) as an eluent.  
 
 
 
CO2Bu
Me
O
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第 1 章第 2 節に関する実験 
 
Typical Procedure for Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction (Table 1-4, entry 8) 
A mixture of 4-bromobenzonitrile (0.18 g, 1.0 mmol), phenylboronic acid (0.37 g, 3.0 mmol), 1 (0.0046 g, 
0.010 mmol), K3PO4 (0.43 g, 2.0 mmol), and dioxane (5 mL) in a sealed tube was heated to 120 °C for 1 h. 
After cooling to room temperature, the reaction mixture was treated with H2O (15 mL) and extracted with 
AcOEt (15 mL x 3). The combined extracts were washed with saturated aqueous NaCl (15 mL x 3) and the 
organic layer was dried over MgSO4. The solvent was removed under reduced pressure and the residue was 
purified by silica gel column chromatography using hexane/AcOEt (19 : 1) as an eluent to obtain 10 as a 
colorless solid (0.15 g, 83%).  
 
4-Cyanobiphenyl (10) 
 
 
Mp: 85-86 °C (colorless prisms from hexane, lit.42f) 84-86 °C). 
IR ν (film) cm−1: 2228. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.40-7.50 (3H, m), 7.58 (2H, dd, J = 7.2, 1.2 Hz), 7.66-7.73 (4H, 
m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 110.8, 118.9, 127.1, 127.6, 128.6, 129.0, 132.5, 139.0, 145.5. 
EI-MS m/z (relative intensity): 179 (M+, 100%). 
HRMS Calcd for C13H9N: 179.0735, found: 179.0739. 
 
4-Ethoxycarbonylbiphenyl (11) 
 
 
Mp: 49-51 °C (colorless prisms from hexane, lit.64) 48-49 °C). 
IR ν (film) cm−1: 1277, 1711. 
NC
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400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 1.40 (3H, t, J = 7.2 Hz), 4.38 (2H, q, J = 7.2 Hz), 7.36 (1H, t, J = 
7.5 Hz), 7.44 (2H, t, J = 7.5 Hz), 7.59-7.64 (4H, m), 8.10 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 14.4, 60.9, 126.8, 127.1, 128.0, 128.8, 129.1, 129.9, 139.9, 145.3, 
166.3. 
EI-MS m/z (relative intensity): 226 (M+, 71.0%), 198 (M+−28, 26.4%), 181 (M+−45, 100%), 152 (M+−74, 
39.6%), 105 (M+−121, 50.3%), 77 (M+−149, 21.2%). 
HRMS Calcd for C15H14O2: 226.0994, found: 226.0968. 
 
4-Methoxybiphenyl (12) 
 
 
Mp: 86-87 ºC (colorless prisms from hexane/AcOEt, lit.42f) 85-87 ºC). 
IR ν (film) cm−1: 1036, 1609. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.83 (3H, s), 6.96 (2H, d, J = 8.8 Hz), 7.29 (1H, t, J = 7.5 Hz), 
7.40 (2H, t, J = 7.5 Hz), 7.51-7.55 (4H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.3, 114.1, 126.56, 126.64, 128.0, 128.6, 133.7, 140.7, 159.0. 
EI-MS m/z (relative intensity): 184 (M+, 100%), 169 (M+−15, 43.0%), 141 (M+−43, 26.4%). 
HRMS Calcd for C13H12O: 184.0888, found: 184.0886. 
 
3-Cyanobiphenyl (13) 
 
 
Pale yellow oil. 
IR ν (film) cm−1: 2230. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.40 (1H, t, J = 7.3 Hz), 7.47 (2H, t, J = 7.3 Hz), 7.51-7.56 (3H, 
m), 7.61-7.63 (1H, m), 7.80 (1H, d, J = 7.6 Hz), 7.85 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 112.8, 118.8, 127.0, 128.3, 128.8, 129.0, 129.4, 130.6, 131.4, 
MeO
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138.7, 142.3. 
EI-MS m/z (relative intensity): 179 (M+, 100%). 
HRMS Calcd for C13H9N: 179.0735, found: 179.0719. 
 
3-Methoxybiphenyl (14) 
 
 
Colorless oil. 
IR ν (film) cm−1: 1038, 1599. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.83 (3H, s), 6.88 (1H, dd, J = 7.8, 2.5 Hz), 7.12 (1H, dd, J = 2.5, 
1.1 Hz), 7.16 (1H, dd, J = 7.8, 1.1 Hz), 7.31-7.35 (2H, m), 7.41 (2H, t, J = 7.8 Hz), 7.57 (2H, d, J = 7.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.3, 112.6, 112.8, 119.6, 127.1, 127.3, 128.6, 129.6, 141.0, 
142.6, 159.8. 
EI-MS m/z (relative intensity): 184 (M+, 100%). 
HRMS Calcd for C13H12O: 184.0888, found: 184.0867. 
 
3,4-Methylenedioxybiphenyl (15) 
 
 
Colorless oil. 
IR ν (film) cm−1: 1038, 1601. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 5.97 (2H, s), 6.86 (1H, d, J = 8.0 Hz), 7.03-7.06 (2H, m), 7.29 
(1H, t, J = 7.2 Hz), 7.38 (2H, dd, J = 8.2, 7.2 Hz), 7.50 (2H, dd, J = 8.2, 1.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 101.0, 107.6, 108.5, 120.5, 126.77, 126.80, 128.6, 135.5, 140.8, 
146.9, 148.0. 
EI-MS m/z (relative intensity): 198 (M+, 100%). 
HRMS Calcd for C13H10O2: 198.0681, found: 198.0705. 
MeO
O
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2-Cyanobiphenyl (16) 
 
 
Pale yellow oil. 
IR ν (neat) cm−1: 2224. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.39-7.50 (5H, m), 7.54-7.56 (2H, m), 7.62 (1H, td, J = 7.8, 1.3 
Hz), 7.74 (1H, dd, J = 7.8, 1.3 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 111.1, 118.6, 127.4, 128.59, 128.61, 128.64, 130.0, 132.7, 133.6, 
138.0, 145.4. 
EI-MS m/z (relative intensity): 179 (M+, 100%). 
HRMS Calcd for C13H9N: 179.0735, found: 179.0725. 
 
2-Acetylbiphenyl (17) 
 
 
 
Colorless oil. 
IR ν (neat) cm−1: 1688. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.00 (3H, s), 7.32-7.44 (7H, m), 7.50 (1H, td, J = 7.5, 1.5 Hz), 
7.56 (1H, dd, J = 7.5, 0.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 30.5, 127.3, 127.76, 127.78, 128.6, 128.7, 130.1, 130.6, 140.4, 
140.6, 140.8, 204.7. 
EI-MS m/z (relative intensity): 196 (M+, 74.2%), 181 (M+−15, 100%). 
HRMS Calcd for C14H12O: 196.0888, found: 196.0860. 
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4-Aminobiphenyl (18) 
 
 
Mp: 52-53 °C (light brown scales from hexane/AcOEt, lit.65) 51 °C) 
IR ν (film) cm−1: 1620, 3202, 3298, 3393, 3423. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.65 (2H, br), 6.70 (2H, d, J = 8.4 Hz), 7.24 (1H, t, J = 7.3 Hz), 
7.35-7.40 (4H, m), 7.51 (2H, d, J = 7.3 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 115.3, 126.2, 126.3, 127.9, 128.6, 131.4, 141.1, 145.8. 
EI-MS m/z (relative intensity): 169 (M+, 100%). 
HRMS Calcd for C12H11N: 169.0891, found: 169.0896. 
 
2-Aminobiphenyl (19) 
 
 
Pale yellow oil. 
IR ν (neat) cm−1: 1614, 3373, 3466. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.74 (2H, br), 6.76 (1H, dd, J = 7.7, 0.9 Hz), 6.82 (1H, td, J = 7.7, 
0.9 Hz), 7.11-7.17 (2H, m), 7.30-7.46 (5H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 115.5, 118.6, 127.1, 128.4, 128.7, 129.0, 130.3, 132.5, 139.4, 
143.4. 
EI-MS m/z (relative intensity): 169 (M+, 100%). 
HRMS Calcd for C12H11N: 169.0892, found: 169.0885. 
 
4-(tert-Butyldimethylsilyloxymethyl)biphenyl (20) 
 
 
Mp: 61-62 °C (colorless prisms from hexane). 
H2N
NH2
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IR ν (film) cm−1: 1092. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.12 (6H, s), 0.96 (9H, s), 4.78 (2H, s), 7.32 (1H, t, J = 7.2 Hz), 
7.38-7.44 (4H, m), 7.55-7.59 (4H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): −5.2, 18.4, 26.0, 64.7, 126.5, 127.0, 127.06, 127.10, 128.7, 139.9, 
140.5, 141.1. 
EI-MS m/z (relative intensity): 298 (M+, 4.2%), 283 (M+−15, 1.3%), 241 (M+−57, 73.6%), 211 (M+−87, 
7.4%), 167 (M+−131, 100%). 
HRMS Calcd for C19H26OSi: 298.1753, found: 298.1758. 
 
1-Phenylnaphthalene (21) 
 
 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.39-7.53 (9H, m), 7.84-7.90 (3H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 125.3, 125.7, 125.92, 125.94, 126.8, 127.1, 127.5, 128.2 (2 
carbons), 130.0, 131.5, 133.7, 140.2, 140.7. 
EI-MS m/z (relative intensity): 204 (M+, 100%). 
HRMS Calcd for C16H12: 204.0939, found: 204.0921. 
 
3-Phenylpyridine (22) 
 
 
Pale yellow oil. 
IR ν (film) cm−1: 3396. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.35-7.43 (2H, m), 7.48 (2H, t, J = 7.4 Hz), 7.58 (2H, d, J = 7.4 
Hz), 7.87 (1H, dt, J = 7.8, 1.9 Hz), 8.59 (1H, d, J = 4.0 Hz), 8.85 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 123.4, 127.1, 128.0, 129.0, 134.2, 136.5, 137.7, 148.2, 148.3. 
N
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EI-MS m/z (relative intensity): 155 (M+, 100%). 
HRMS Calcd for C11H9N: 155.0735, found: 155.0738. 
 
4-Acetylbiphenyl (23) 
 
 
Mp: 121-122 °C (colorless needles from hexane, lit.42f) 117-119 °C). 
IR ν (film) cm−1: 1680. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.64 (3H, s), 7.40 (1H, t, J = 7.8 Hz), 7.40 (2H, t, J = 7.8 Hz), 
7.47 (2H, t, J = 7.8 Hz), 7.47 (2H, d, J = 8.4 Hz), 8.03 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 26.9, 127.26, 127.31, 128.3, 128.96, 129.00, 135.9, 139.9, 145.8, 
197.7. 
EI-MS m/z (relative intensity): 196 (M+, 63.9%), 181 (M+−15, 100%). 
HRMS Calcd for C14H12O: 196.0888, found: 196.0884. 
 
4-Methoxycarbonylbiphenyl (24) 
 
 
Mp: 116-117 °C (colorless prisms from hexane, lit.42f) 114-115 °C). 
IR ν (film) cm−1: 1269, 1709. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.94 (3H, s), 7.39 (1H, t, J = 7.5 Hz), 7.46 (2H, t, J = 7.5 Hz), 
7.62 (2H, d, J = 7.5 Hz), 7.66 (2H, d, J = 8.0 Hz), 8.10 (2H, d, J = 7.5 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 52.2, 127.0, 127.2, 128.1, 128.8, 128.9, 130.1, 139.9, 145.6, 
166.9. 
EI-MS m/z (relative intensity): 212 (M+, 81.1%), 181 (M+−31, 100%). 
HRMS Calcd for C14H12O2: 212.0837, found: 212.0829. 
 
Me
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Typical Procedure for Nickel-Catalyzed Kumada-Tamao-Corriu Coupling Reaction (Table 1-6, entry 
2) 
To a suspension of 4-bromotolunene (0.17 g, 1.0 mmol) and 1 (0.023 g, 0.050 mmol) in THF (4 mL) was 
slowly added phenylmagnesium chloride (1.5 M in THF solution, 1 mL, 1.5 mmol) over 3 h via syringe 
pump and the mixture was stirred at room temperature for 6 h. The reaction mixture was treated with 
saturated aqueous NH4Cl (15 mL) and filtered through a pad of Celite®, followed by extraction with AcOEt 
(15 mL x 3). The combined extracts were washed with saturated aqueous NaCl (15 mL x 3) and the organic 
layer was dried over MgSO4. The solvent was removed under reduced pressure and the residue was purified 
by silica gel column chromatography using hexane as an eluent to obtain a mixture of 4-methylbiphenyl (25) 
and biphenyl (26) as a colorless solid. Yield and ratio of 25 and 26 were determined by 1H-NMR spectrum 
using mesitylene as an internal standard. 
 
4-Methylbiphenyl (25) 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.39 (3H, s), 7.24-7.36 (3H, m), 7.40-7.50 (4H, m), 7.58 (2H, t, J 
= 7.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.1, 126.9, 127.07, 127.15, 128.6, 129.4, 136.9, 138.3, 141.0. 
EI-MS m/z (relative intensity): 168 (M+, 100%). 
HRMS Calcd for C13H12: 168.0939, found: 168.0926. 
 
4-Methoxy-4’-methylbiphenyl (27) 
Mp: 107-108 ºC (colorless scales from hexane, lit.42f) 106-107 ºC). 
IR ν (film) cm−1: 1038, 1609. 
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400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.37 (3H, s), 3.82 (3H, s), 6.95 (2H, d, J = 8.8 Hz), 7.21 (2H, d, J 
= 8.0 Hz), 7.43 (2H, d, J = 8.0 Hz), 7.49 (2H, d, J = 8.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.1, 55.3, 114.1, 126.5, 127.8, 129.3, 133.6, 136.2, 137.9, 
158.8. 
EI-MS m/z (relative intensity): 198 (M+, 100%) , 183 (M+−15, 50.4%). 
HRMS Calcd for C14H14O: 198.1045, found: 198.1037. 
 
4-Methoxy-3’-methylbiphenyl (28) 
Mp: 51-52 ºC (colorless prisms from hexane, lit.68) 54 ºC). 
IR ν (film) cm−1: 1034, 1609. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.39 (3H, s), 3.18 (3H, s), 6.94 (2H, d, J = 8.2 Hz), 7.10 (1H, d, J 
= 6.8 Hz), 7.26-7.35 (3H, m), 7.50 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.6, 55.3, 114.1, 123.8, 127.3, 127.4, 128.0, 128.5, 133.8, 138.1, 
140.7, 158.9. 
EI-MS m/z (relative intensity): 198 (M+, 100%), 183 (M+−15, 46.6%). 
HRMS Calcd for C14H14O: 198.1045, found: 198.1032. 
 
4-Methoxy-2’-methylbiphenyl (29) 
Colorless oil. 
IR ν (neat) cm−1: 1038, 1612. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.27 (3H, s), 3.85 (3H, s), 6.94 (2H, dt, J = 8.8, 2.0 Hz), 7.20-7.26 
(6H, m). 
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100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.6, 55.2, 113.4, 125.6, 126.9, 129.8, 130.1, 130.2, 134.3, 135.3, 
141.4, 158.4. 
EI-MS m/z (relative intensity): 198 (M+, 100%), 183 (M+−15, 26.0%). 
HRMS Calcd for C14H14O: 198.1045, found: 198.1027. 
 
3-(4-Methoxyphenyl)pyridine (30) 
Mp: 60-61 °C (colorless prisms from hexane/AcOEt, lit.69) 60-61 °C). 
IR ν (film) cm−1: 1032, 1611, 3373. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.86 (3H, s), 7.01 (2H, d, J = 8.2 Hz), 7.33 (1H, dd, J = 7.7, 4.7 
Hz), 7.52 (2H, d, J = 8.2 Hz), 7.83 (1H, d, J = 7.7 Hz), 8.54 (1H, d, J = 4.7 Hz), 8.81 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.4, 114.5, 123.4, 128.1, 130.2, 133.7, 136.1, 147.8, 147.9, 
159.6. 
EI-MS m/z (relative intensity): 185 (M+, 100%), 170 (M+−15, 43.4%). 
HRMS Calcd for C12H11NO: 185.0841, found: 185.0851. 
 
1-(4-Methoxyphenyl)naphthalene (31) 
Mp: 113-115 ºC (colorless prisms from hexane/AcOEt, lit.70) 111-112 ºC). 
IR ν (film) cm−1: 1034, 1609. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.88 (3H, s), 7.02 (2H, d, J = 8.2 Hz), 7.39-7.52 (6H, m), 7.82 
(1H, d, J = 8.2 Hz), 7.88-7.93 (2H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.4, 113.7, 125.3, 125.6, 125.8, 126.0, 126.8, 127.2, 128.2, 
131.0, 131.7, 133.0, 133.7, 139.8, 158.8. 
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EI-MS m/z (relative intensity): 234 (M+, 100%), 219 (M+−15, 31%). 
HRMS Calcd for C17H14O: 234.1045, found: 234.1028. 
 
第 2 章第 1 節に関する実験 
 
2,6-Bis(3-mesitylimidazolium-1-yl)methylpyridine Dibromide (32a) 
A mixture of 2,6-bis(bromomethyl)pyridine (0.30 g, 1.1 mmol), 1-mesitylimidazole (0.63 g, 3.4 mmol), 
and dioxane (5 mL) was heated to reflux for 12 h. After cooling to room temperature, the light brown 
precipitate formed was collected by filtration, washed with Et2O, and dried in vacuo (0.71 g, 98%). The 
residue was purified by recrystallization from CH2Cl2/light petroleum to obtain off-white powders. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.05 (12H, s), 2.09 (6H, s), 6.08 (4H, s), 6.98 (4H, s), 7.01 (2H, s), 
7.23 (2H, s), 8.12 (1H, s), 8.54 (2H, s), 10.47 (2H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 17.6, 21.0, 53.5, 123.2, 124.5, 129.6, 130.5, 133.9, 137.6, 138.6, 
141.0, 153.1, 156.6. 
 
2,6-Bis[3-(2,6-diisopropylphenyl)imidazolium-1-yl]methylpyridine Dibromide (32b) 
A mixture of 2,6-bis(bromomethyl)pyridine (0.20 g, 0.80 mmol), 1-(2,6-diisopropylphenyl) imidazole 
(0.41 g, 1.8 mmol), and dioxane (5 mL) was heated to reflux for 12 h. After cooling to room temperature, the 
resulting light brown precipitate was collected by filtration, washed with Et2O, and dried in vacuo (0.52 g, 
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96%). The residue was purified by recrystallization from CH2Cl2/light petroleum to obtain off-white powders. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 1.13 (12H, d, J = 6.7 Hz), 1.22 (12H, d, J = 6.7 Hz), 2.28 (4H, 
sept, J = 6.7 Hz), 6.15 (4H, s), 7.20 (2H, s), 7.30 (4H, d, J = 7.9 Hz), 7.53 (2H, t, J = 7.9 Hz), 7.68 (1H, t, J = 
7.7 Hz), 7.87 (2H, d, J = 7.7 Hz), 8.68 (2H, s), 10.73 (2H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 24.1, 24.5, 28.7, 53.5, 124.0, 124.2, 124.5, 124.6, 130.1, 131.8, 
138.3, 138.9, 145.1, 153.2. 
 
2,6-Bis(3-mesitylimidazolium-1-yl)pyridine Dibromide (32c) 
A mixture of 2,6-dibromopyridine (0.47 g, 2.0 mmol) and 1-mesitylimidazole (0.93 g, 5.0 mmol) was 
heated in an ampoule at 150 °C for 4 days. The residue was dissolved in CHCl3 and filtered through a pad of 
Celite®. The filtrate was concentrated to some extent, and the brown precipitate was obtained by addition of 
Et2O, collected by filtration, washed with hexane (10 mL x 3) and Et2O (10 mL x 3), and dried in vacuo (1.1 
g, 87%). The residue was purified by recrystallization from CH2Cl2/light petroleum to obtain off-white 
powders. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.17 (12H, s), 2.31 (6H, s), 7.00 (4H, s), 7.36 (2H, s), 8.32 (1H, t, 
J = 8.1 Hz), 9.10 (2H, d, J = 8.1 Hz), 9.85 (2H, s), 11.8 (2H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 17.9, 21.1, 116.7, 122.0, 124.5, 129.7, 130.3, 133.8, 137.2, 141.2, 
144.9, 145.2. 
 
2,6-Bis[3-(2,6-diisopropylphenyl)imidazolium-1-yl]pyridine (32d) 
  A mixture of 2,6-dibromopyridine (0.71 g, 3.0 mmol) and 1-(2,6-diisopropylphenyl)imidazole (1.7 g, 7.5 
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mmol) was heated in an ampoule at 150 °C for 4 days. The residue was dissolved in CHCl3 and filtered 
through a pad of Celite®. The filtrate was concentrated to some extent, and the brown precipitate was 
obtained by addition of Et2O, collected by filtration, washed with hexane (10 mL x 3) and Et2O (10 mL x 3), 
and dried in vacuo (1.7 g, 82%). The residue was recrystallized from CH2Cl2/light petroleum to obtain 
off-white powders. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 1.16 (12H, d, J = 6.8 Hz), 1.28 (12H, d, J = 6.8 Hz), 2.41 (4H, 
quint, J = 6.8 Hz), 7.31 (4H, d, J = 7.9 Hz), 7.32 (2H, s), 7.52 (2H, t, J = 7.9 Hz), 8.27 (1H, t, J = 8.3 Hz), 
9.08 (2H, d, J = 8.3 Hz), 9.89 (2H, s), 12.19 (2H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 24.1, 24.2, 28.8, 117.2, 122.1, 124.6, 125.5, 129.9, 32.0, 138.0, 
144.9, 145.0, 145.4.  
 
2,6-Bis(3-mesitylimidazolin-2-ylidene)methylpyridine Disilver Dichloride (33a) 
A mixture of 32a (0.50 g, 0.79 mmol), Ag2O (0.91 g, 3.9 mmol), powderous 4Å molecular sieves, and 
ClCH2CH2Cl (8 mL) was heated to reflux for 16 h. The reaction mixture was filtered through a pad of Celite® 
and the filtrate was evaporated. The residue was crystallized from acetone/light petroleum to obtain a light 
brown solid (0.56 g, 94%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 1.99 (12H, s), 2.34 (6H, s), 5.52 (4H, s), 6.96 (4H, s), 6.99 (2H, d, 
J = 1.6 Hz), 7.18 (2H, d, J = 7.7 Hz), 7.47 (2H, d, J = 1.6 Hz), 7.75 (1H, t, J = 7.7 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 17.8, 21.1, 56.8, 121.4, 122.3, 123.0, 129.3, 134.4, 135.2, 138.0, 
138.7, 139.5, 155.6. 
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2,6-Bis[3-(2,6-diisopropylphenyl)imidazolin-2-ylidene]methylpyridine Disilver Dichloride (33b) 
A mixture of 32b (0.20 g, 0.28 mmol), Ag2O (0.13 g, 0.56 mmol), powderous 4Å molecular sieves, and 
ClCH2CH2Cl (10 mL) was heated to reflux for 16 h. The reaction mixture was filtered through a pad of 
Celite® and the filtrate was evaporated. The residue was crystallized from acetone/light petroleum to obtain a 
light brown solid (0.23 g, quant.). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 1.14 (12H, d, J = 6.8 Hz), 1.23 (12H, d, J = 6.8 Hz), 2.36-2.43 
(4H, m), 5.56 (4H, s), 7.05 (2H, s), 7.21-7.27 (6H, m), 7.47 (2H, t, J = 7.8 Hz), 7.52 (2H, s), 7.78 (1H, t, J = 
7.6 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 24.3, 24.7, 28.3, 56.7, 121.4, 122.08, 122.13, 124.2, 130.5, 134.6, 
138.6, 145.51, 145.43, 155.5. 
 
2,6-Bis(3-mesitylimidazolin-2-ylidene)pyridine Disilver Dichloride (33c) 
  A mixture of 32c (1.2 g, 2.0 mmol), Ag2O (0.93 g, 4.0 mmol), powderous 4Å molecular sieves, and 
ClCH2CH2Cl (15 mL) was heated to reflux for 16 h. The reaction mixture was filtered through a pad of 
Celite® and the filtrate was evaporated. The residue was crystallized from acetone/light petroleum to obtain 
an off-white solid (1.2 g, 85%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.01 (12H, s), 2.36 (6H, s), 7.00 (4H, s), 7.16 (2H, s), 8.12-8.31 
(5H, br). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 17.6, 20.8, 115.2, 121.0, 123.6, 129.0, 134.0, 135.0, 139.1, 142.5, 
149.2.  
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2,6-Bis[3-(2,6-diisopropylphenyl)imidazolin-2-ylidene]pyridine Disilver Dichloride (33d) 
A mixture of 32d (1.4 g, 2.0 mmol), Ag2O (0.93 g, 4.0 mmol), powderous 4Å molecular sieves, and 
ClCH2CH2Cl (15 mL) was heated to reflux for 16 h. The reaction mixture was filtered through a pad of 
Celite® and the filtrate was evaporated. The residue was crystallized from acetone/light petroleum to obtain a 
light brown solid (1.4 g, 87%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 1.17 (12H, d, J = 6.8 Hz), 1.29 (12H, d, J = 6.8 Hz), 2.50 (4H, 
quint, J = 6.8 Hz), 7.23 (2H, d, J = 1.6 Hz), 7.31 (4H, d, J = 7.8 Hz), 7.52 (2H, t, J = 7.8 Hz), 8.17-8.23 (3H, 
m), 8.33 (2H, br.s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 24.2, 24.4, 28.1, 115.5, 120.8, 124.1, 124.9, 130.5, 134.4, 142.6, 
145.2, 149.7, 172.5. 
 
[2,6-Bis(3-mesitylimidazolin-2-ylidene)methylpyridine]chloronickel Tetrafluoroborate (34a) 
To a suspension of NiCl2(DME) (0.091 g, 0.41 mmol) in CH2Cl2 (120 mL) was added slowly a solution of 
33a (0.30 g, 0.39 mmol) in CH2Cl2 (30 mL) and the mixture was stirred at room temperature for 24 h. To the 
mixture was added a solution of AgBF4 (0.080 g, 0.41 mmol) in CH2Cl2 (30 mL) and stirred at room 
temperature for 16 h. The reaction mixture was filtered through a pad of Celite® and the filtrate was 
evaporated. The resulting solid was crystallized from CH2Cl2/light petroleum to obtain an yellow solid (0.26 
g, quant.). The product was purified by recrystallization from CH2Cl2/light petroleum to give yellow needles. 
Mp: > 250 °C 
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400 MHz 1H-NMR (DMSO-d6) δ (ppm): 1.85 (6H, s), 2.05 (6H, s), 2.25 (6H, s), 5.82 (2H, d, J = 15.8 Hz), 
6.15 (2H, d, J = 15.8 Hz), 6.84 (2H, s), 6.84 (2H, s), 7.01 (2H, s), 7.20 (2H, s), 7.81 (2H, d, J = 7.1 Hz), 8.14 
(1H, t, J = 7.1 Hz). 
100 MHz 13C-NMR (DMSO-d6) δ (ppm): 17.7, 18.1, 20.5, 53.6, 121.8, 124.6, 125.2, 128.5, 128.7, 133.3, 
134.6, 135.3, 137.4, 141.0, 156.0, 164.6. 
Anal. Calcd for C31H33N5BClF4Ni: C, 56.70; H, 5.07; N, 10.67. Found: C, 56.60; H, 5.09; N, 10.63. 
 
{2,6-Bis[3-(2,6-diisopropylphenyl)imidazolin-2-ylidene]methylpyridine}chloronickel Tetrafluoroborate 
(34b) 
To a suspension of NiCl2(DME) (0.079 g, 0.36 mmol) in CH2Cl2 (120 mL) was added slowly a solution of 
33b (0.29 g, 0.34 mmol) in CH2Cl2 (30 mL) and the mixture was stirred at room temperature for 24 h. To the 
mixture was added AgBF4 (0.070 g, 0.36 mmol) and stirred at room temperature for 16 h. The reaction 
mixture was filtered through a pad of Celite® and the filtrate was evaporated. The residue was crystallized 
from CH2Cl2/light petroleum to obtain an yellow solid (0.20 g, 78%). The product was purified by 
recrystallization from CH2Cl2/light petroleum to give yellow needles. 
Mp: > 250 °C 
400 MHz 1H-NMR (DMSO-d6) δ (ppm): 0.71 (6H, d, J = 6.9 Hz), 0.99 (6H, d, J = 6.9 Hz), 1.02 (6H, d, J = 
6.9 Hz), 1.55 (6H, d, J = 6.9 Hz), 2.08 (2H, sept, J = 6.9 Hz), 2.32 (2H, sept, J = 6.9 Hz), 5.85 (2H, d, J = 
15.6 Hz), 6.04 (2H, d, J = 15.6 Hz), 7.16 (2H, d, J = 7.9 Hz), 7.28-7.30 (4H, m), 7.38 (2H, t, J = 7.9 Hz), 7.68 
(2H, d, J = 1.6 Hz), 7.85 (2H, d, J = 7.7 Hz), 8.20 (1H, t, J = 7.7 Hz). 
100 MHz 13C-NMR (DMSO-d6) δ (ppm): 22.2, 23.7, 24.1, 25.3, 28.1, 28.2, 53.5, 121.5, 123.0, 123.5, 125.1, 
126.4, 129.3, 134.9, 141.1, 144.1, 145.6, 155.7, 164.3. 
Anal. Calcd for C37H45N5BClF4Ni: C, 59.99; H, 6.12; N, 9.46. Found: C, 59.74; H, 6.24; N, 9.40. 
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[2,6-Bis(3-mesitylimidazolin-2-ylidene)pyridine]chloronickel Tetrafluoroborate (34c) 
 
 
 
To a solution of NiCl2(DME) (0.095 g, 0.43 mmol) in CH2Cl2 (120 mL) was added slowly a solution of 
33c (0.30 g, 0.41 mmol) in CH2Cl2 (30 mL) and the mixture was stirred at room temperature for 24 h. To the 
mixture was added AgBF4 (0.083 g, 0.43 mmol) and stirred at room temperature for 16 h. The reaction 
mixture was filtered through a pad of Celite® and the filtrate was evaporated. The resulting solid was 
crystallized from CH2Cl2/light petroleum to obtain an yellow solid (0.26 g, 99%). The product was purified 
by recrystallization from CH2Cl2/light petroleum to give yellow needles. 
Mp: > 250 °C 
400 MHz 1H-NMR (DMSO-d6) δ (ppm): 1.99 (12H, s), 2.21 (6H, s), 6.87 (4H, s), 7.53 (2H, s), 7.99 (2H, d, J 
= 7.8 Hz), 8.54 (1H, t, J = 7.8 Hz), 8.67 (2H, s). 
100 MHz 13C-NMR (DMSO-d6) δ (ppm): 17.3, 20.5, 108.2, 117.5, 127.0, 128.2, 129.0, 133.5, 133.7, 137.9, 
146.1, 150.3. 
Anal. Calcd for C29H29N5BClF4Ni (+ H2O): C, 53.87; H, 4.52; N, 10.83, Found: C, 54.11; H, 4.80; N, 10.89. 
 
{2,6-Bis[3-(2,6-diisopropylphenyl)imidazolin-2-ylidene]pyridine}chloronickel Tetrafluoroborate (34d) 
To a suspension of NiCl2(DME) (0.085 g, 0.39 mmol) in CH2Cl2 (120 mL) was added slowly a solution of 
33d (0.30 g, 0.37 mmol) in CH2Cl2 (30 mL) and the mixture was stirred at room temperature for 24 h. To the 
mixture was added AgBF4 (0.075 g, 0.39 mmol) and stirred at room temperature for 16 h. The reaction 
mixture was filtered through a pad of Celite® and the filtrate was evaporated. The resulting solid was 
crystallized from CH2Cl2/light petroleum to obtain an yellow solid (0.23 g, 88%). The product was purified 
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by recrystallization from CH2Cl2/light petroleum to give orange needles. 
Mp: > 250 °C 
400 MHz 1H-NMR (DMSO-d6) δ (ppm): 1.04 (12H, d, J = 6.8 Hz), 1.13 (12H, d, J = 6.8 Hz), 2.42-2.49 (4H, 
m), 7.14 (4H, d, J = 7.7 Hz), 7.32 (2H, t, J = 7.7 Hz), 7.69 (2H, d, J = 1.6 Hz), 7.93 (2H, d, J = 8.4 Hz), 
8.53-8.56 (3H, m). 
100 MHz 13C-NMR (DMSO-d6) δ (ppm): 22.9, 24.1, 27.9, 108.5, 117.1, 123.1, 128.2, 129.7, 133.2, 144.0, 
146.2, 150.6, 162.4. 
Anal. Calcd for C35H41N5BClF4Ni: C, 58.98; H, 5.80; N, 9.83, Found: C, 58.63; H, 6.00; N, 9.55. 
 
第 2 章第 2 節に関する実験 
 
Typical Procedure for Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction (Table 2-4, entry 8) 
A mixture of 4-bromobenzonitrile (36.4 mg, 0.20 mmol), phenylboronic acid (73.2 mg, 0.60 mmol), 34d 
(1.5 mg, 0.0020 mmol), K3PO4 (86.0 mg, 0.40 mmol), and sBuOH (1 mL) in a sealed tube was heated to 
100 °C for 20 min. After cooling to room temperature, the reaction mixture was treated with H2O (15 mL) 
and extracted with AcOEt (15 mL x 3). The combined extracts were washed with saturated aqueous NaCl (15 
mL x 3) and the organic layer was dried over MgSO4. The solvent was removed under reduced pressure and 
the residue was purified by silica gel column chromatography using hexane/AcOEt (19 : 1) as an eluent to 
obtain 10 as a colorless solid (31.1 mg, 87%).  
 
4-sec-Butoxycarbonylbiphenyl (35) 
Colorless oil. 
IR ν (neat) cm−1: 1279, 1713. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.99 (3H, t, J = 7.4 Hz), 1.35 (3H, d, J = 6.3 Hz), 1.63-1.82 (2H, 
m), 5.12 (1H, sext, J = 6.3 Hz), 7.38 (1H, tt, J = 7.4, 1.6 Hz), 7.46 (2H, t, J = 7.4 Hz), 7.60-7.66 (4H, m), 8.11 
BuO2C
s
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(2H, tt, J = 8.4, 1.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 9.8, 19.7, 29.0, 72.9, 126.9, 127.2, 128.0, 128.8, 129.6, 129.9, 
140.0, 145.3, 166.0. 
EI-MS m/z (relative intensity): 254 (M+, 36.8%), 225 (M+−29, 2.2%), 198 (M+−56, 100%), 181 (M+−73, 
60.8%). 
HRMS Calcd for C17H18O2: 254.1306, found: 254.1306. 
 
4-Cyano-4’-methoxybiphenyl (36) 
Mp: 101-102 ºC (colorless plates from hexane/AcOEt, lit.69) 103-104 ºC). 
IR ν (film) cm−1: 1038, 1607, 2224. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.86 (3H, s), 7.00 (2H, d, J = 8.8 Hz), 7.53 (2H, d, J = 8.8 Hz), 
7.63 (2H, d, J = 8.0 Hz), 7.69 (2H, d, J = 8.0 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.4, 110.1, 114.6, 119.1, 127.1, 128.3, 131.5, 132.6, 145.2, 
160.2. 
EI-MS m/z (relative intensity): 209 (M+, 100%), 194 (M+−15, 28.9%), 166 (M+−43, 20.0%). 
HRMS Calcd for C14H11NO: 209.0841, found: 209.0826. 
 
3-(4-Cyanophenyl)pyridine (37) 
Mp: 94-96 ºC (colorless prisms from hexane/AcOEt, lit.70) 95-96 ºC). 
IR ν (film) cm−1: 2226, 3358. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.42 (1H, t, J = 6.7 Hz), 7.69 (2H, d, J = 8.2 Hz), 7.78 (2H, d, J = 
8.2 Hz), 7.89 (1H, d, J = 6.7 Hz), 8.67 (1H, s), 8.86 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 111.9, 118.5, 123.7, 127.7, 132.8, 134.4, 134.7, 142.2, 148.1, 
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149.6. 
EI-MS m/z (relative intensity): 180 (M+, 100%). 
HRMS Calcd for C13H8N2: 180.0687, found: 180.0670. 
 
(E)-4-Cyanostilbene (38) 
Mp: 111-113 ºC (colorless plates from hexane/AcOEt, lit.73) 114-116 ºC). 
IR ν (film) cm-1: 1601, 2226. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.07 (1H, d, J = 16.4 Hz), 7.20 (1H, d, J = 16.4 Hz), 7.31 (1H, t, J 
= 7.5 Hz), 7.38 (2H, t, J = 7.5 Hz), 7.52 (2H, d, J = 7.5 Hz), 7.56 (2H, d, J = 8.4 Hz), 7.62 (2H, d, J = 8.4 
Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 110.5, 118.9, 126.6, 126.7, 126.8, 128.5, 128.7, 132.3, 132.4, 
136.1, 141.7. 
EI-MS m/z (relative intensity): 205 (M+, 100%). 
HRMS Calcd for C15H11N: 205.0891, found: 205.0903. 
 
(E)-4-Acetylstilbene (39) 
Mp: 139-142 ºC (colorless prisms from hexane/AcOEt, lit.73) 144-147 ºC). 
IR ν (film) cm−1: 1601, 1678. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.60 (3H, s), 7.12 (1H, d, J = 16.4 Hz), 7.22 (1H, d, J = 16.4 Hz), 
7.29 (1H, t, J = 7.1 Hz), 7.37 (2H, t, J = 7.1 Hz), 7.53 (2H, dd, J = 7.1, 1.2 Hz), 7.58 (2H, d, J = 8.2 Hz), 7.94 
(2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 26.6, 126.4, 126.7, 127.3, 128.2, 128.7, 128.8, 131.4, 135.8, 
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136.6, 141.9, 197.3. 
EI-MS m/z (relative intensity): 222 (M+, 99.1%), 207 (M+−15, 100%). 
HRMS Calcd for C16H14O: 222.1044, found: 222.1060. 
 
(E)-1-Phenyl-2-(3-pyridyl)ethylene (40) 
Pale yellow oil. 
IR ν (film) cm−1: 3393. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.06 (1H, d, J = 16.4 Hz), 7.16 (1H, d, J = 16.4 Hz), 7.25-7.31 
(2H, m), 7.37 (2H, t, J = 7.2 Hz), 7.52 (2H, d, J = 7.2 Hz), 7.82 (1H, d, J = 8.0 Hz), 8.48 (1H, d, J = 4.0 Hz), 
8.72 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 123.4, 124.8, 126.6, 128.1, 128.7 (2 carbons), 130.7, 132.6, 
132.9, 136.5, 148.4. 
EI-MS m/z (relative intensity): 181 (M+, 59.4%), 180 (M+−1, 100%). 
HRMS Calcd for C13H11N: 181.0891, found: 181.0881. 
 
1-(E)-Pentenyl-4-benzonitrile (41) 
Colorless oil. 
IR ν (film) cm−1: 1651, 2224. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.96 (3H, t, J = 7.2 Hz), 1.51 (2H, sext, J = 7.2 Hz), 2.20-2.25 
(2H, m), 6.33-6.42 (2H, m), 7.40 (2H, d, J = 8.4 Hz), 7.56 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 22.3, 35.2, 109.8, 119.1, 126.3, 128.5, 132.2, 135.2, 142.3. 
EI-MS m/z (relative intensity): 171 (M+−15, 60.4%), 142 (M+−29, 73.6%), 129 (M+−42, 100%), 115 (M+−56, 
N
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18.7%). 
HRMS Calcd for C12H13N: 171.1047, found: 171.1029. 
 
1-(E)-Pentenyl-4-acetophenone (42) 
Colorless oil. 
IR ν (film) cm−1: 1603, 1682. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.96 (3H, t, J = 7.2 Hz), 1.52 (2H, sext, J = 7.2 Hz), 2.22 (2H, q, 
J = 7.2 Hz), 2.58 (3H, s), 6.35-6.44 (2H, m), 7.41 (2H, d, J = 8.4 Hz), 7.88 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.8, 22.4, 26.6, 35.3, 125.8, 128.7, 129.0, 134.2, 135.3, 142.6, 
197.5. 
EI-MS m/z (relative intensity): 188 (M+, 100%), 173 (M+−15, 88.0%), 146 (M+−42, 19.2%), 131 (M+−57, 
29.2%), 43 (M+−145, 35.7%). 
HRMS Calcd for C13H16O: 188.1200, found: 188.1208. 
 
第 2 章第 3 節に関する実験 
 
2-tert-Butyldimethylsilyl-1-methylimidazole (43) 
 
 
  To a solution of 1-methylimidazole (5.2 g, 64.0 mmol) in THF (40 mL) was added dropwise BuLi (1.6 M 
in hexane solution, 42.0 mL, 67.2 mmol) at −78 °C. The mixture was stirred at −78 °C for 45 min and a 
solution of TBSCl (10.1 g, 67.2 mmol) in THF (10 mL) was slowly added to the mixture. The solution was 
slowly warmed up to room temperature and then stirred for 12 h. The reaction mixture was treated with 
saturated aqueous NH4Cl (30 mL) followed by extraction with AcOEt (30 mL x 3). The combined extracts 
Me
O
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were washed with saturated aqueous NaCl (30 mL x 3) and the organic layer was dried over MgSO4. The 
solvent was removed under reduced pressure to obtain a colorless solid (12.1 g, 96%). 
IR ν (film) cm−1: 3387. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.39 (6H, s), 0.95 (9H, s), 3.75 (3H, s), 6.96 (1H, s), 7.19 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): −4.8, 17.8, 26.5, 34.9, 123.1, 130.0, 149.9. 
EI-MS m/z (relative intensity): 196 (M+, 2.0%), 181 (M+−15, 5.4%), 139 (M+−57, 100%), 113 (M+ −83, 
7.8%). 
HRMS Calcd for C10H20N2Si: 196.1396, found: 196.1414. 
 
5-(α-Hydroxybenzyl)-1-methylimidazole (45) 
 
 
 
To a solution of 43 (5.0 g, 25.5 mmol) in THF (40 mL) was added dropwise BuLi (1.6 M in hexane 
solution, 16.7 mL, 26.8 mmol) at −78 °C. The mixture was slowly warmed up to room temperature and 
stirred for 3 h. After cooling to −78 °C, to the mixture was slowly added PhCHO (2.8 g, 26.8 mmol). The 
solution was slowly warmed up to room temperature and stirred for 12 h. The reaction mixture was treated 
with saturated aqueous NH4Cl (40 mL) followed by extraction with AcOEt (30 mL x 3). The combined 
extracts were washed with saturated aqueous NaCl (30 mL x 3) and the organic layer was dried over MgSO4. 
The solvent was removed under reduced pressure to obtain a pale yellow oil.  
  The crude material was diluted with THF (50 mL) and Bu4NF (1.0 M in THF solution, 25.7 mL, 25.7 
mmol) was slowly added to the solution at 0 °C. The mixture was warmed up to room temperature and stirred 
for 15 min. The reaction mixture was treated with H2O (40 mL) followed by extraction with AcOEt (40 mL x 
3). The combined extracts were washed with saturated aqueous NaCl (40 mL x 3) and the organic layer was 
dried over MgSO4. The solvent was removed under reduced pressure and the residue was purified by silica 
gel column chromatography using AcOEt as an eluent to obtain a pale yellow oil (3.9 g, 81%). 
IR ν (film) cm−1: 3337. 
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400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.56 (3H, s), 5.90 (1H, s), 6.72 (1H, s), 7.31-7.39 (7H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 32.2, 67.1, 126.2, 127.5, 128.0, 128.2, 133.9, 138.8, 141.2. 
EI-MS m/z (relative intensity): 188 (M+, 100%), 171 (M+−15, 49.7%), 111 (M+−77, 41.9%), 81 (M+−107, 
6.6%), 77 (M+−111, 11.6%). 
HRMS Calcd for C11H12N2O: 188.0950, found: 188.0960. 
 
5-(α-tert-Butyldimethylsilyloxybenzyl)-1-methylimidazole (46) 
 
 
  To a solution of 45 (1.0 g, 5.3 mmol) in CH2Cl2 (25 mL) were slowly added 1H-imidazole (0.54 g, 8.0 
mmol) and TBSCl (0.96 g, 6.4 mmol) at 0 °C. The mixture was warmed up to room temperature and stirred 
for 24 h. The reaction mixture was treated with saturated aqueous NaHCO3 (30 mL) followed by extraction 
with CHCl3 (30 mL x 3). The combined extracts were washed with saturated aqueous NaCl (30 mL x 3) and 
the organic layer was dried over MgSO4. The solvent was removed under reduced pressure and the residue 
was purified by silica gel column chromatography using AcOEt as an eluent to obtain a colorless oil (1.3 g, 
84%). 
IR ν (film) cm−1: 3387. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): −0.12 (3H, s), 0.15 (3H, s), 0.95 (9H, s), 3.36 (3H, s), 6.14 (1H, 
s), 6.74 (1H, s), 6.94 (1H, s), 7.23 (1H, t, J = 6.8 Hz), 7.29-7.36 (4H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): −5.1, −5.0, 18.3, 25.9, 32.3, 68.2, 125.8, 127.1, 128.1, 128.7, 
133.0, 139.4, 141.8. 
EI-MS m/z (relative intensity): 302 (M+, 1.3%), 287 (M+−15, 1.7%), 245 (M+−57, 80.4%), 171 (M+−131, 
100%). 
HRMS Calcd for C17H26N2OSi: 302.1814, found: 302.1844. 
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2-tert-Butyldimethylsilyl-5-formyl-1-methylimidazole (47) 
 
 
 
To a solution of 43 (7.4 g, 37.7 mmol) in THF (60 mL) was added dropwise BuLi (1.6 M in hexane 
solution, 25.9 mL, 41.5 mmol) at −78 °C. The mixture was slowly warmed up to room temperature and 
stirred for 3 h. After cooling to −78 °C, to the mixture was slowly added DMF (3.0 g, 41.5 mmol). The 
solution was slowly warmed up to room temperature and stirred for 12 h. The reaction mixture was treated 
with saturated aqueous NH4Cl (40 mL) followed by extraction with AcOEt (30 mL x 3). The combined 
extracts were washed with saturated aqueous NaCl (30 mL x 3) and the organic layer was dried over MgSO4. 
The solvent was removed under reduced pressure and the residue was purified by silica gel column 
chromatography using hexane/AcOEt (2 : 1) as an eluent to obtain an yellow oil (8.1 g, 96%). 
IR ν (film) cm−1: 1674, 3198. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.44 (6H, s), 0.97 (9H, s), 4.02 (3H, s), 7.88 (1H, s), 9.77 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): −4.7, 17.9, 26.5, 34.9, 133.4, 144.4, 159.1, 179.0. 
EI-MS m/z (relative intensity): 224 (M+, 0.9%), 209 (M+−15, 5.7%), 167 (M+−57, 100%). 
HRMS Calcd for C11H20N2OSi: 224.1345, found: 224.1359. 
 
2-tert-Butyldimethylsilyl-5-hydroxymethyl-1-methylimidazole (48) 
 
 
 
  To a solution of 47 (1.0 g, 4.5 mmol) in THF/MeOH (3 : 2, 30 mL) was slowly added NaBH4 (0.34 g, 8.9 
mmol) at 0 °C. The mixture was warmed up to room temperature and stirred for 1 h. The solvent was 
removed under reduced pressure and saturated aqueous NH4Cl (30 mL) was added to the residue, followed 
by extraction with AcOEt (30 mL x 3). The combined extracts were washed with saturated aqueous NaCl (30 
mL x 3) and the organic layer was dried over MgSO4. The solvent was removed under reduced pressure to 
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obtain a colorless solid (0.99 g, 99%). 
IR ν (film) cm−1: 3169. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.38 (6H, s), 0.93 (9H, s), 1.26 (1H, s), 3.76 (3H, s), 4.61 (2H, s), 
6.94 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): −4.8, 17.8, 26.6, 32.6, 54.0, 129.4, 133.9, 151.6. 
EI-MS m/z (relative intensity): 226 (M+, 3.0%), 211 (M+−15, 8.2%), 169 (M+−57, 100%), 112 (M+−114, 
9.7%), 95 (M+−131, 25.9%). 
HRMS Calcd for C11H22N2OSi: 226.1501, found: 226.1512. 
 
5-tert-Butyldimethylsilyloxymethyl-1-methylimidazole (49) 
 
 
  To a suspension of 48 (0.50 g, 2.2 mmol) in CH3CN (10 mL) was slowly added 47% aqueous HF (0.10 mL, 
2.4 mmol) at 0 °C. The mixture was warmed up to room temperature and stirred for 15 min. The solvent was 
removed under reduced pressure and the residue was diluted with CH2Cl2 (10 mL). After cooling to 0 °C, to 
the solution were slowly added 1H-imidazole (0.23 g, 3.3 mmol) and TBSCl (0.40 g, 2.7 mmol). The mixture 
was warmed up to room temperature and stirred for 2 h. The reaction mixture was treated with saturated 
aqueous NaHCO3 (15 mL) followed by extraction with AcOEt (15 mL x 3). The combined extracts were 
washed with saturated aqueous NaCl (15 mL x 3) and the organic layer was dried over MgSO4. The solvent 
was removed under reduced pressure and the residue was purified by silica gel column chromatography using 
CHCl3/MeOH (9 : 1) as an eluent to obtain a colorless solid (0.38 g, 77%).  
IR ν (film) cm−1: 3368. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.05 (6H, s), 0.89 (9H, s), 3.66 (3H, s), 4.65 (2H, s), 6.90 (1H, s), 
7.40 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): −5.3, 18.2, 25.8, 31.6, 55.1, 128.0, 130.8, 138.7. 
EI-MS m/z (relative intensity): 226 (M+, 1.5%), 211 (M+−15, 4.5%), 169 (M+−57, 100%), 139 (M+−87, 6.3%), 
95 (M+−131, 84.4%). 
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HRMS Calcd for C11H22N2OSi: 226.1501, found: 226.1507. 
 
1-Methyl-5-phenylimidazole (50a) 
A mixture of 1-methylimidazole (0.41 g, 5.0 mmol), bromobenzene (1.2 g, 7.5 mmol), Pd(OAc)2 (0.056 g, 
0.25 mmol), tricyclohexylphosphine (15% in toluene solution, 1.1 mL, 0.50 mmol), K2CO3 (1.4 g, 10.0 
mmol), and DMF (25 mL) was heated to 110 °C for 48 h. After cooling to room temperature, the reaction 
mixture was treated with H2O (50 mL) and extracted with AcOEt (50 mL x 3). The combined extracts were 
washed with H2O (50 mL x 3) and saturated aqueous NaCl (50 mL x 3), and the organic layer was dried over 
MgSO4. The solvent was removed under reduced pressure and the residue was purified by silica gel column 
chromatography using CHCl3/MeOH (19 : 1) as an eluent to obtain a brown solid (0.67 g, 85%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.66 (3H, s), 7.09 (1H, s), 7.34-7.47 (5H, m), 7.50 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 32.4, 127.7, 127.9, 128.3, 128.48, 128.53, 128.58, 138.9. 
EI-MS m/z (relative intensity): 158 (M+, 100%). 
HRMS Calcd for C10H10N2: 158.0844, found: 158.0827. 
 
5-(4-Methoxyphenyl)-1-methylimidazole (50b) 
A mixture of 1-methylimidazole (0.41 g, 5.0 mmol), 4-bromoanisole (1.4 g, 7.5 mmol), Pd(OAc)2 (0.056 g, 
0.25 mmol), tricyclohexylphosphine (15% in toluene solution, 1.1 mL, 0.50 mmol), K2CO3 (1.4 g, 10.0 
mmol), and DMF (25 mL) was heated to 110 °C for 24 h. After cooling to room temperature, the reaction 
mixture was treated with H2O (50 mL) and extracted with AcOEt (50 mL x 3). The combined extracts were 
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washed with H2O (50 mL x 3) and saturated aqueous NaCl (50 mL x 3), and the organic layer was dried over 
MgSO4. The solvent was removed under reduced pressure and the residue was purified by silica gel column 
chromatography using CHCl3/MeOH (19 : 1) as an eluent to obtain an yellow solid (0.60 g, 64%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.63 (3H, s), 3.85 (3H, s), 6.97 (2H, d, J = 8.8 Hz), 7.03 (1H, s), 
7.30 (2H, d, J = 8.8 Hz), 7.49 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 32.3, 55.2, 114.0, 122.1, 127.4, 129.7, 133.0, 138.4, 159.2. 
EI-MS m/z (relative intensity): 188 (M+, 100%), 173 (M+−15, 64.9%), 145 (M+−43, 13.8%). 
HRMS Calcd for C11H12N2O: 188.0950, found: 188.0941. 
 
5-(3,4-Dimethoxyphenyl)-1-methylimidazole (50c) 
A mixture of 1-methylimidazole (0.41 g, 5.0 mmol), 4-bromoveratrole (1.6 g, 7.5 mmol), Pd(OAc)2 (0.056 
g, 0.25 mmol), tricyclohexylphosphine (15% in toluene solution, 1.1 mL, 0.50 mmol), K2CO3 (1.4 g, 10.0 
mmol), and DMF (25 mL) was heated to 110 °C for 48 h. After cooling to room temperature, the reaction 
mixture was treated with H2O (50 mL) and extracted with AcOEt (50 mL x 3). The combined extracts were 
washed with H2O (50 mL x 3) and saturated aqueous NaCl (50 mL x 3), and the organic layer was dried over 
MgSO4. The solvent was removed under reduced pressure and the residue was purified by silica gel column 
chromatography using CHCl3/MeOH (19 : 1) as an eluent to obtain an yellow oil (0.55 g, 51%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.64 (3H, s), 3.91 (3H, s), 3.92 (3H, s), 6.88 (1H, s), 6.92-6.93 
(2H, m), 7.05 (1H, s), 7.49 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 32.2, 55.82, 55.84, 111.1, 112.0, 121.0, 122.2, 127.3, 133.1, 
138.4, 148.8 (2 carbons). 
EI-MS m/z (relative intensity): 218 (M+, 100%). 
HRMS Calcd for C12H14N2O2: 218.1055, found: 218.1042. 
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5-(3,4,5-Trimethoxyphenyl)-1-methylimidazole (50d) 
A mixture of 1-methylimidazole (0.41 g, 5.0 mmol), 1-bromo-3,4,5-trimethoxybenzene (1.9 g, 7.5 mmol), 
Pd(OAc)2 (0.056 g, 0.25 mmol), tricyclohexylphosphine (15% in toluene solution, 1.1 mL, 0.50 mmol), 
K2CO3 (1.4 g, 10.0 mmol), and DMF (25 mL) was heated to 110 °C for 48 h. After cooling to room 
temperature, the reaction mixture was treated with H2O (50 mL) and extracted with AcOEt (50 mL x 3). The 
combined extracts were washed with H2O (50 mL x 3) and saturated aqueous NaCl (50 mL x 3), and the 
organic layer was dried over MgSO4. The solvent was removed under reduced pressure and the residue was 
purified by silica gel column chromatography using CHCl3/MeOH (19 : 1) as an eluent to obtain an yellow 
oil (0.44 g, 35%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.66 (3H, s), 3.886 (6H, s), 3.892 (3H, s), 6.57 (2H, s), 7.07 (1H, 
s), 7.50 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 32.3, 56.1, 60.7, 105.9, 125.1, 127.6, 133.2, 137.8, 138.6, 153.1. 
EI-MS m/z (relative intensity): 248 (M+, 46.9%), 233 (M+−15, 29.3%), 214 (M+−34, 100%).  
HRMS Calcd for C13H16N2O3: 248.1161, found: 248.1174. 
 
5-(4-Methoxycarbonylphenyl)-1-methylimidazole (50e) 
A mixture of 1-methylimidazole (1.2 g, 15.0 mmol), methyl 4-iodobenzoate (0.79 g, 3.0 mmol), Pd(OAc)2 
(0.067 g, 0.30 mmol), triphenylphosphine (0.16 g, 0.60 mmol), Cs2CO3 (0.98 g, 3.0 mmol), and DMF (20 
mL) was heated to 120 °C for 12 h. After cooling to room temperature, the reaction mixture was treated with 
H2O (50 mL) and extracted with AcOEt (50 mL x 3). The combined extracts were washed with H2O (50 mL x 
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3) and saturated aqueous NaCl (50 mL x 3), and the organic layer was dried over MgSO4. The solvent was 
removed under reduced pressure and the residue was purified by silica gel column chromatography using 
CHCl3/MeOH (9 : 1) as an eluent to obtain an yellow solid (0.60 g, 93%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.72 (3H, s), 3.94 (3H, s), 7.20 (1H, s), 7.48 (2H, d, J = 8.4 Hz), 
7.55 (1H, s), 8.10 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 32.8, 52.2, 127.7, 128.3, 128.4, 129.2, 129.9, 134.2, 139.9, 
166.4. 
EI-MS m/z (relative intensity): 216 (M+, 100%), 185 (M+−31, 67.3%), 158 (M+−58, 22.3%). 
HRMS Calcd for C12H12N2O2: 216.0899, found: 216.0891. 
 
2,6-Bis[4-(α-tert-butyldimethylsilyloxybenzyl)-3-methylimidazolium-1-yl]methylpyridine Dibromide 
(51a) 
  A mixture of 2,6-bis(bromomethyl)pyridine (0.10 g, 0.38 mmol), 46 (0.25 g, 0.91 mmol), and THF (3 mL) 
was heated to reflux for 12 h. After cooling to room temperature, the solvent was removed under reduced 
pressure. The residue was crystallized from CH2Cl2/Et2O to obtain a colorless solid (0.33 g, 99%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): −0.03 (3H, s), −0.02 (3H, s), 0.03 (3H, s), 0.04 (3H, s), 0.89 (18H, 
s), 3.83 (3H, s), 3.86 (3H, s), 5.65-5.80 (4H, m), 6.04 (1H, s), 6.06 (1H, s), 7.33-7.36 (10H, m), 7.70-7.72 (3H, 
m), 7.80 (1H, s), 7.87 (1H, s), 10.72 (2H, s). 
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2,6-Bis(4-tert-butyldimethylsilyloxymethyl-3-methylimidazolium-1-yl)methylpyridine Dibromide (51b) 
  A mixture of 2,6-bis(bromomethyl)pyridine (0.20 g, 0.76 mmol), 49 (0.43 g, 1.9 mmol), and THF (7 mL) 
was heated to reflux for 12 h. After cooling to room temperature, the resulting precipitate was collected by 
filtration, washed with Et2O, and dried in vacuo (0.52 g, 96%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.11 (12H, s), 0.88 (18H, s), 4.11 (6H, s), 4.73 (4H, s), 5.72 (4H, 
s), 7.69 (3H, s), 7.85 (2H, s), 10.70 (2H, s). 
 
2,6-Bis[4-(α-tert-butyldimethylsilyloxybenzyl)-3-methylimidazolin-2-ylidene]methylpyridine Disilver 
Dichloride (52a) 
  A mixture of 50 (0.30 g, 0.35 mmol), Ag2O (0.24 g, 1.0 mmol), 4Å molecular sieves, and ClCH2CH2Cl (15 
mL) was heated to reflux for 16 h. After cooling to room temperature, the reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was crystallized from CH2Cl2/light 
petroleum to obtain an off-white solid (0.30 g, 87%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.00 (12H, s), 0.91 (18H, s), 3.56 (3H, s), 3.57 (3H, s), 5.33 (4H, 
s), 5.88 (1H, s), 5.89 (1H, s), 7.12 (2H, d, J = 7.6 Hz), 7.18 (2H, d, J = 6.8 Hz), 7.30-7.37 (10H, m), 7.69 (1H, 
t, J = 7.6 Hz). 
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2,6-Bis(4-tert-butyldimethylsilyloxymethyl-3-methylimidazolin-2-ylidene)methylpyridine Disilver 
Dichloride (52b) 
  A mixture of 51 (0.30 g, 0.42 mmol), Ag2O (0.29 g, 1.3 mmol), 4Å molecular sieves, and ClCH2CH2Cl (10 
mL) was heated to reflux for 16 h. After cooling to room temperature, the reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was crystallized from CH2Cl2/light 
petroleum to obtain an off-white solid (0.32 g, 92%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.09 (12H, s), 0.89 (18H, s), 3.83 (6H, s), 4.64 (4H, s), 5.32 (4H, 
s), 7.16-7.18 (4H, m), 7.68 (1H, t, J = 7.8 Hz).  
 
2,6-Bis[4-(α-tert-butyldimethylsilyloxybenzyl)-3-methylimidazolin-2-ylidene]methylpyridine 
Chloronickel Tetrafluoroborate (53a) 
  To a suspension of NiCl2(DME) (0.047 g, 0.21 mmol) in CH2Cl2 (80 mL) was slowly added a solution of 
52 (0.20 g, 0.20 mmol) in CH2Cl2 (20 mL) and the mixture was stirred at room temperature for 24 h. To the 
reaction mixture was added AgBF4 (0.041 g, 0.21 mmol) and the mixture was stirred for 16 h. The reaction 
mixture was filtered through a pad of Celite® and the filtrate was evaporated. The residue was crystallized 
from CH2Cl2/light petroleum to obtain an yellow solid (0.13 g, 75%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.00 (12H, s), 0.87 (18H, s), 3.73 (6H, s), 5.56 (4H, br.s), 5.69 
(2H, s), 7.26-7.37 (12H, m), 7.75-7.83 (3H, m). 
N
N N
N N
Me Me
AgCl
ClAg OTBSTBSO
N
N N
N N
Me Me
Ni
Cl
BF4−
OTBSTBSO
Ph Ph
 108
2,6-Bis(4-tert-butyldimethylsilyloxymethyl-3-methylimidazolin-2-ylidene)methylpyridine Chloronickel 
Tetrafluoroborate (53b) 
  To a suspension of NiCl2(DME) (0.055 g, 0.25 mmol) in CH2Cl2 (80 mL) was slowly added a solution of 
53 (0.20 g, 0.24 mmol) in CH2Cl2 (20 mL) and the mixture was stirred at room temperature for 24 h. To the 
reaction mixture was added AgBF4 (0.049 g, 0.13 mmol) and the mixture was stirred for 16 h. The reaction 
mixture was filtered through a pad of Celite® and the filtrate was evaporated. The residue was crystallized 
from CH2Cl2/light petroleum to obtain an yellow solid (0.13 g, 73%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.07 (12H, s), 0.87 (18H, s), 3.94 (6H, s), 4.50 (4H, s), 5.90 (4H, 
br.s), 7.26 (2H, s), 7.75 (3H, s). 
 
2,6-Bis[(3-methyl-4-phenylimidazolium-1-yl)methyl]pyridine Dibromide (55a) 
A mixture of 2,6-bis(bromomethyl)pyridine (0.10 g, 0.38 mmol), 50a (0.13 g, 0.83 mmol), and THF (5 
mL) was heated to reflux for 12 h. After cooling to room temperature, the off-white precipitate formed was 
collected by filtration, washed with Et2O (15 mL x 3), and dried in vacuo (0.21 g, 96%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 4.02 (6H, s), 5.86 (4H, s), 7.43-7.54 (10H, m), 7.67- 7.75 (3H, m), 
7.99 (2H, d, J = 1.2 Hz), 10.67 (2H, s). 
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2,6-Bis[{4-(4-methoxyphenyl)-3-methylimidazolium-1-yl}methyl]pyridine Dibromide (55b) 
A mixture of 2,6-bis(bromomethyl)pyridine (0.030 g, 0.11 mmol), 50b (0.047 g, 0.25 mmol), and THF (1 
mL) was heated to reflux for 12 h. After cooling to room temperature, the off-white precipitate formed was 
collected by filtration, washed with Et2O (5 mL x 3), and dried in vacuo (0.052 g, 72%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.95 (6H, s), 4.10 (6H, s), 5.84 (4H, s), 7.61 (4H, d, J = 8.4 Hz), 
7.65 (2H, d, J = 7.6 Hz), 7.74 (1H, t, J = 7.6 Hz), 7.90 (2H, s), 8.13 (4H, d, J = 8.4 Hz), 10.76 (2H, s). 
 
2,6-Bis[{4-(3,4-dimethoxyphenyl)-3-methylimidazolium-1-yl}methyl]pyridine Dibromide (55c) 
A mixture of 2,6-bis(bromomethyl)pyridine (0.31 g, 1.2 mmol), 50c (0.55 g, 2.6 mmol), and THF (10 mL) 
was heated to reflux for 12 h. After cooling to room temperature, the solvent was removed under reduced 
pressure and the residue was crystallized from CH2Cl2/hexane to obtain an off-white solid (0.63 g, 78%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.91 (6H, s), 3.94 (6H, s), 4.05 (6H, s), 5.79 (4H, s), 6.93 (2H, d, 
J = 8.3 Hz), 7.01 (2H, dd, J = 8.3, 1.5 Hz), 7.11 (2H, d, J = 1.5 Hz), 7.64 (2H, d, J = 7.6 Hz), 7.71-7.76 (3H, 
m). 
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2,6-Bis[{4-(3,4,5-trimethoxyphenyl)-3-methylimidazolium-1-yl}methyl]pyridine Dibromide (55d) 
A mixture of 2,6-bis(bromomethyl)pyridine (0.21 g, 0.79 mmol), 50d (0.43 g, 1.7 mmol), and THF (7 mL) 
was heated to reflux for 12 h. After cooling to room temperature, the solvent was removed under reduced 
pressure and the residue was crystallized from CH2Cl2/hexane to obtain an off-white solid (0.47 g, 78%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.88 (6H, s), 3.91 (6H, s), 4.09 (6H, s), 5.73 (4H, s), 6.81 (4H, s), 
7.57 (2H, d, J = 7.9 Hz), 7.69 (1H, t, J = 7.9 Hz), 7.76 (2H, s), 10.63 (2H, s). 
 
2,6-Bis[{4-(4-methoxycarbonylphenyl)-3-methylimidazolium-1-yl}methyl]pyridine Dibromide (55e) 
A mixture of 2,6-bis(bromomethyl)pyridine (0.090 g, 0.34 mmol), 50e (0.16 g, 0.75 mmol), and THF (5 
mL) was heated to reflux for 12 h. After cooling to room temperature, the off-white precipitate formed was 
collected by filtration, washed with Et2O (10 mL x 3), and dried in vacuo (0.17 g, 73%).  
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.94 (6H, s), 4.08 (6H, s), 5.83 (4H, s), 7.60 (4H, d, J = 8.0 Hz), 
7.67 (3H, s), 8.09-8.11 (6H, m), 10.68 (2H, s). 
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2,6-Bis[(3-methyl-4-phenylimidazolin-2-ylidene)methyl]pyridine Disilver Dichloride (56a) 
A mixture of 55a (0.15 g, 0.26 mmol), Ag2O (0.18 g, 0.78 mmol), 4Å molcular sieves, and ClCH2CH2Cl 
(10 mL) was heated to reflux for 16 h. After cooling to room temperature, the reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was crystallized from CH2Cl2/light 
petroleum to obtain a colorless solid (0.14 g, 76%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.75 (6H, s), 5.42 (4H, s), 7.19-7.50 (14H, m), 7.75 (1H, t, J = 7.6 
Hz). 
 
2,6-Bis[{4-(4-methoxyphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine Disilver Dichlo- ride 
(56b) 
A mixture of 55b (0.20 g, 0.31 mmol), Ag2O (0.22 g, 0.92 mmol), 4Å molcular sieves, and ClCH2CH2Cl 
(15 mL) was heated to reflux for 16 h. After cooling to room temperature, the reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was crystallized from CH2Cl2/light 
petroleum to obtain a colorless solid (0.19 g, 80%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.72 (6H, s), 3.85 (6H, s), 5.40 (4H, s), 6.96 (4H, d, J = 8.8 Hz), 
7.17 (2H, s), 7.26-7.28 (6H, m), 7.74 (1H, t, J = 7.8 Hz). 
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2,6-Bis[{4-(3,4-dimethoxyphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine Disilver Di- chloride 
(56c) 
A mixture of 55c (0.30 g, 0.43 mmol), Ag2O (0.30 g, 1.3 mmol), 4Å molcular sieves, and ClCH2CH2Cl (20 
mL) was heated to reflux for 16 h. After cooling to room temperature, the reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was crystallized from CH2Cl2/light 
petroleum to obtain a colorless solid (0.22 g, 63%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.77 (6H, s), 3.91 (6H, s), 3.93 (6H, s), 5.40 (4H, s), 6.89-6.92 
(6H, m), 7.22 (2H, s), 7.29 (2H, d, J = 7.9 Hz), 7.75 (1H, t, J = 7.9 Hz). 
 
2,6-Bis[{4-(3,4,5-trimethoxyphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine Disilver Dichloride 
(56d) 
A mixture of 55d (0.30 g, 0.39 mmol), Ag2O (0.27 g, 1.2 mmol), 4Å molcular sieves, and ClCH2CH2Cl (15 
mL) was heated to reflux for 16 h. After cooling to room temperature, the reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was crystallized from CH2Cl2/light 
petroleum to obtain a colorless solid (0.24 g, 68%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.81 (6H, s), 3.89 (24H, s), 5.40 (4H, s), 6.61 (4H, s), 7.25 (2H, s), 
7.29 (2H, d, J = 7.9 Hz), 7.75 (1H, t, J = 7.9 Hz). 
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2,6-Bis[{4-(4-methoxycarbonylphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine Disilver 
Dichloride (56e) 
A mixture of 55e (0.15 g, 0.22 mmol), Ag2O (0.15 g, 0.65 mmol), 4Å molcular sieves, and ClCH2CH2Cl 
(10 mL) was heated to reflux for 16 h. After cooling to room temperature, the reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was crystallized from CH2Cl2/light 
petroleum to obtain a colorless solid (0.037 g, 21%). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.83 (6H, s), 3.95 (6H, s), 5.46 (4H, s), 7.23-7.48 (8H, m), 7.72 
(1H, t, J = 7.6 Hz), 8.09-8.13 (4H, m). 
 
2,6-Bis[(3-methyl-4-phenylimidazolin-2-ylidene)methyl]pyridine Chloronickel Tetrafluoroborate (57a) 
To a suspension of NiCl2(DME) (0.033 g, 0.15 mmol) in CH2Cl2 (40 mL) was slowly added a solution of 
56a (0.10 g, 0.14 mmol) in CH2Cl2 (10 mL) and the mixture was stirred at room temperature for 12 h. To the 
mixture was added AgBF4 (0.029 g, 0.15 mmol) and stirred for 8 h. The reaction mixture was filtered through 
a pad of Celite® and the filtrate was evaporated. The residue was from CH2Cl2/light petroleum to obtain an 
yellow solid (0.067 g, 78%). 
400 MHz 1H-NMR (dmso-d6) δ (ppm): 3.88 (6H, s), 5.74 (2H, br.s), 6.50 (2H, br.s), 7.44-7.52 (10H, m), 7.70 
(2H, s), 7.77 (2H, d, J = 7.4 Hz), 8.07 (1H, t, J = 7.4 Hz). 
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2,6-Bis[{4-(4-methoxyphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine  
Chloronickel Tetrafluoroborate (57b) 
To a suspension of NiCl2(DME) (0.046 g, 0.21 mmol) in CH2Cl2 (60 mL) was slowly added a solution of 
56b (0.15 g, 0.20 mmol) in CH2Cl2 (15 mL) and the mixture was stirred at room temperature for 12 h. To the 
mixture was added AgBF4 (0.041 g, 0.21 mmol) and stirred for 8 h. The reaction mixture was filtered through 
a pad of Celite® and the filtrate was evaporated to some extent. The yellow precipitate formed was collected 
by filtration, washed with CH2Cl2 (5 mL x 2) and Et2O (10 mL x 3), and dried in vacuo (0.096 g, 75%). 
400 MHz 1H-NMR (dmso-d6) δ (ppm): 3.79 (6H, s), 3.84 (6H, s), 5.68 (2H, br.s), 6.43 (2H, br.s), 7.03 (4H, d, 
J = 8.6 Hz), 7.35 (4H, d, J = 8.6 Hz), 7.61 (2H, s), 7.76 (2H, d, J = 7.5 Hz), 8.06 (1H, t, J = 7.5 Hz). 
 
2,6-Bis[{4-(3,4-dimethoxyphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine    
Chloronickel Tetrafluoroborate (57c) 
To a suspension of NiCl2(DME) (0.042 g, 0.19 mmol) in CH2Cl2 (60 mL) was slowly added a solution of 
56c (0.15 g, 0.19 mmol) in CH2Cl2 (15 mL) and the mixture was stirred at room temperature for 12 h. To the 
mixture was added AgBF4 (0.037 g, 0.19 mmol) and stirred for 8 h. The reaction mixture was filtered through 
a pad of Celite® and the filtrate was evaporated. The residue was from CH2Cl2/light petroleum to obtain an 
yellow solid (0.11 g, 88%). 
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400 MHz 1H-NMR (dmso-d6) δ (ppm): 3.76 (6H, s), 3.78 (6H, s), 3.85 (6H, s), 5.79 (2H, br.s), 6.23 (2H, 
br.s), 6.93-6.95 (4H, m), 7.03 (2H, d, J = 8.8 Hz), 7.63 (2H, s), 7.76 (2H, d, J = 7.9 Hz), 8.06 (1H, t, J = 7.9 
Hz). 
 
2,6-Bis[{4-(3,4,5-trimethoxyphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine  
Chloronickel Tetrafluoroborate (57d) 
To a suspension of NiCl2(DME) (0.039 g, 0.18 mmol) in CH2Cl2 (60 mL) was slowly added a solution of 
56d (0.15 g, 0.17 mmol) in CH2Cl2 (15 mL) and the mixture was stirred at room temperature for 12 h. To the 
mixture was added AgBF4 (0.035 g, 0.18 mmol) and stirred for 8 h. The reaction mixture was filtered through 
a pad of Celite® and the filtrate was evaporated. The residue was from CH2Cl2/light petroleum to obtain an 
yellow solid (0.10 g, 77%). 
400 MHz 1H-NMR (dmso-d6) δ (ppm): 3.68 (6H, s), 3.78 (12H, s), 3.90 (6H, s), 5.72 (2H, br.s), 6.46 (2H, 
br.s), 6.68 (4H, s), 7.67 (2H, s), 7.76 (2H, d, J = 7.7 Hz), 8.07 (1H, t, J = 7.7 Hz). 
 
2,6-Bis[{4-(4-methoxycarbonylphenyl)-3-methylimidazolin-2-ylidene}methyl]pyridine Chloro- nickel 
Tetrafluoroborate (57e) 
To a suspension of NiCl2(DME) (0.011 g, 0.051 mmol) in CH2Cl2 (15 mL) was slowly added a solution of 
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56e (0.040 g, 0.050 mmol) in CH2Cl2 (5 mL) and the mixture was stirred at room temperature for 12 h. To the 
mixture was added AgBF4 (0.0099 g, 0.051 mmol) and stirred for 8 h. The reaction mixture was filtered 
through a pad of Celite® and the filtrate was evaporated. The residue was from CH2Cl2/light petroleum to 
obtain an yellow solid (0.019 g, 53%). 
400 MHz 1H-NMR (dmso-d6) δ (ppm): 3.87 (6H, s), 3.93 (6H, s), 5.78 (2H, br.s), 6.47 (2H, br.s), 7.62 (4H, d, 
J = 7.6 Hz), 7.76-7.84 (3H, m), 7.99-8.09 (6H, m). 
 
第 3 章第 1 節に関する実験 
 
General Procedure A for Sulfonylation of Phenols 
To a solution of phenols (1.0 eq.) in pyridine/CH2Cl2 (1 : 4) was added p-toluenesulfonyl chloride or 
methanesulfonyl chloride (1.5 eq.) at 0 °C. The mixture was warmed up to room temperature and stirred until 
the reaction was completed. The reaction mixture was treated with saturated aqueous NH4Cl (15 mL) and 
extracted with CHCl3 (15 mL x 3). The combined extracts were washed with 3N HCl aq. (15 mL x 2) and 
saturated aqueous NaCl (15 mL x 2), and the organic layer was dried over MgSO4. The solvent was removed 
under reduced pressure and the residue was purified by silica gel column chromatography using 
hexane/AcOEt as an eluent and recrystallization from hexane/AcOEt. 
 
4-(p-Toluenesulfonyloxy)benzonitrile (58) 
According to the general procedure A, from 4-cyanophenol (0.50 g, 4.2 mmol), p-toluene- sulfonyl 
chloride (1.2 g, 6.3 mmol), and pyridine/CH2Cl2 (1 : 4, 25 mL) was obtained 58 as colorless plates (1.0 g, 
87%). 
Mp: 88-89 °C (lit.72) 90.4-90.9 °C). 
IR ν (film) cm−1: 1204, 1377, 1497, 1599, 2232. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.47 (3H, s), 7.14 (2H, d, J = 8.6 Hz), 7.35 (2H, d, J = 8.2 Hz), 
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7.61 (2H, d, J = 8.6 Hz), 7.72 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 111.2, 117.7, 123.4, 128.4, 130.0, 131.8, 133.9, 146.1, 
152.5. 
EI-MS m/z (relative intensity): 273 (M+, 24.0%), 155 (M+−118, 100%), 119 (M+−154, 2.1%), 91 (M+−182, 
74.8%). 
HRMS Calcd for C14H11NO3S: 273.0460, found: 273.0444. 
 
Typical Procedure for Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction (Table 3-1, entry 8 and 
Table 3-2, entry 1) 
A mixture of 4-(p-toluenesulfonyloxy)benzonitrile (27.3 mg, 0.10 mmol), phenylboronic acid (36.6 mg, 
0.30 mmol), 34a (3.3 mg, 0.0050 mmol), K3PO4 (43.0 mg, 0.20 mmol), and DME (1 mL) in a sealed tube 
was heated to 120 °C for 24 h. After cooling to room temperature, the reaction mixture was treated with H2O 
(15 mL) and extracted with AcOEt (15 mL x 3). The combined extracts were washed with saturated aqueous 
NaCl (15 mL x 3) and the organic layer was dried over MgSO4. The solvent was removed under reduced 
pressure and the residue was purified by silica gel column chromatography using hexane/AcOEt (19 : 1) as 
an eluent to obtain 10 as a colorless solid (17.1 mg, 95%).  
 
4-(p-Toluenesulfonyloxy)acetophenone (59) 
According to the general procedure A, from 4-acetylphenol (0.50 g, 3.7 mmol), p-toluene- sulfonyl 
chloride (1.1 g, 5.5 mmol), and pyridine/CH2Cl2 (1 : 4, 25 mL) was obtained 59 as colorless needles (0.56 g, 
72%). 
Mp: 69-70 °C (lit.40d) 67-69 °C). 
IR ν (film) cm−1: 1200, 1377, 1497, 1597, 1686. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.45 (3H, s), 2.57 (3H, s), 7.09 (2H, d, J = 8.6 Hz), 7.32 (2H, d, J 
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= 8.4 Hz), 7.72 (2H, d, J = 8.4 Hz), 7.90 (2H, d, J = 8.6 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 26.6, 122.5, 128.5, 129.9, 130.0, 132.2, 135.7, 145.7, 153.0, 
196.6. 
EI-MS m/z (relative intensity): 290 (M+, 64.6%), 275 (M+−15, 15.1%), 155 (M+−135, 100%), 91 (M+−199, 
77.9%). 
HRMS Calcd for C15H14O4S: 290.0613, found: 290.0601. 
 
4-(p-Toluenesulfonyloxy)anisole (60) 
According to the general procedure A, from 4-methoxyphenol (0.50 g, 4.0 mmol), p-toluene- sulfonyl 
chloride (1.2 g, 6.1 mmol), and pyridine/CH2Cl2 (1 : 4, 25 mL) was obtained 60 as colorless needles (1.0 g, 
92%). 
Mp: 69-70 °C (lit. 40d) 69-71 °C). 
IR ν (film) cm−1: 1094, 1196, 1371, 1502, 1597. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.45 (3H, s), 3.76 (3H, s), 6.76 (2H, dt, J = uj10.0, 2.9 Hz), 6.88 
(2H, dt, J = 10.0, 2.9 Hz), 7.30 (2H, d, J = 8.4 Hz), 7.69 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 55.5, 114.5, 123.3, 128.6, 129.7, 132.4, 143.1, 145.2, 
158.2. 
EI-MS m/z (relative intensity): 278 (M+, 44.0%), 155 (M+−123, 1.9%), 123 (M+−155, 100%), 91 (M+−187, 
4.6%). 
HRMS Calcd for C14H14O4S: 278.0613, found: 278.0596. 
 
2-(p-Toluenesulfonyloxy)benzonitrile (61) 
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A mixture of 2-cyanophenol (0.50 g, 4.2 mmol), p-toluenesulfonyl chloride (1.2 g, 6.3 mmol), K2CO3 (1.2 
g, 8.4 mmol), and acetone (8 mL) was heated to reflux for 5 h. After cooling to room temperature, the 
reaction mixture was filtered through a pad of Celite® and the filtrate was evaporated. The residue was 
purified by silica gel column chromatography using hexane/AcOEt (4 : 1) as an eluent and recrystallization 
from hexane/AcOEt to obtain 61 as colorless plates (0.77 g, 68%). 
Mp: 88-90 °C (lit. 72) 88-89 °C). 
IR ν (film) cm−1: 1194, 1383, 1485, 1599, 2235. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.46 (3H, s), 7.35-7.39 (3H, m), 7.50 (1H, dd, J = 8.6, 0.8 Hz), 
7.58 (1H, dd, J = 7.8, 1.3 Hz), 7.63 (1H, ddd, J = 8.6, 7.8, 1.3 Hz), 7.82 (2H, d, J = 8.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 107.7, 114.4, 123.7, 127.3, 128.7, 130.0, 131.5, 133.7, 
134.2, 146.3, 150.2. 
EI-MS m/z (relative intensity): 273 (M+, 21.0%), 155 (M+−118, 71.7%), 91 (M+−182, 100%). 
HRMS Calcd for C14H11NO3S: 273.0460, found: 273.0457. 
 
2-(p-Toluenesulfonyloxy)acetophenone (62) 
A mixture of 2-acetylphenol (0.50 g, 3.7 mmol), p-toluenesulfonyl chloride (1.1 g, 5.5 mmol), K2CO3 (1.0 
g, 7.4 mmol), and acetone (8 mL) was heated to reflux for 5 h. After cooling to room temperature, the 
reaction mixture was filtered through a pad of Celite® and the filtrate was evaporated. The residue was 
purified by silica gel column chromatography using hexane/AcOEt (2 : 1) as an eluent and recrystallization 
from hexane/AcOEt to obtain 62 as colorless plates (0.85 g, 80%). 
Mp: 95-96 °C (lit. 73) 97-98 °C). 
IR ν (film) cm−1: 1198, 1373, 1479, 1601, 1693. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.46 (3H, s), 2.51 (3H, s), 7.10 (1H, d, J = 8.4 Hz), 7.31-7.35 (3H, 
m), 7.43 (1H, ddd, J = 8.4, 8.0, 1.1 Hz), 7.64 (1H, dd, J = 8.4, 2.0 Hz), 7.68 (2H, d, J = 8.0 Hz). 
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100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 30.4, 123.3, 127.2, 128.5, 129.9, 130.1, 132.0, 132.8, 133.8, 
145.9, 147.1, 197.8. 
EI-MS m/z (relative intensity): 290 (M+, 2.2%), 275 (M+−15, 6.2%), 155 (M+−135, 56.0%), 121 (M+−169, 
48.7%), 91 (M+−199, 100%). 
HRMS Calcd for C15H14O4S: 290.0613, found: 290.0617. 
 
1-(p-Toluenesulfonyloxy)naphthalene (63) 
According to the general procedure A, from 1-naphthol (0.50 g, 3.5 mmol), p-toluenesulfonyl chloride 
(0.99 g, 5.2 mmol), and pyridine/CH2Cl2 (1 : 4, 25 mL) was obtained 63 as colorless plates (0.97 g, 94%). 
Mp: 89-91 °C (lit. 74) 90-92 °C). 
IR ν (film) cm−1: 1190, 1373, 1597. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.41 (3H, s), 7.21 (1H, d, J = 8.0 Hz), 7.27 (2H, d, J = 8.4 Hz), 
7.36 (1H, t, J = 8.0 Hz), 7.40-7.48 (2H, m), 7.73 (1H, d, J = 8.4 Hz), 7.77-7.81 (3H, m), 7.90 (1H, d, J = 8.4 
Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 118.4, 121.8, 125.1, 126.65, 126.68, 127.0, 127.3, 127.7, 
128.5, 129.8, 132.9, 134.7, 145.4, 145.8. 
EI-MS m/z (relative intensity): 298 (M+, 100%), 155 (M+−143, 22.7%), 143 (M+−155, 95.8%), 115 (M+−183, 
20.8%), 91 (M+−207, 14.7%). 
HRMS Calcd for C17H14O3S: 298.0664, found: 298.0649. 
 
2-(p-Toluenesulfonyloxy)naphthalene (64) 
According to the general procedure A, from 2-naphthol (0.50 g, 3.5 mmol), p-toluenesulfonyl chloride 
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(0.99 g, 5.2 mmol), and pyridine/CH2Cl2 (1 : 4, 25 mL) was obtained 64 as colorless needles (0.67 g, 65%). 
Mp: 119-120 °C (lit. 40d) 122-124 °C). 
IR ν (film) cm−1: 1190, 1377, 1595. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.44 (3H, s), 7.10 (1H, dd, J = 9.0, 2.2 Hz), 7.30 (2H, d, J = 8.4 
Hz), 7.47-7.50 (3H, m), 7.72-7.76 (4H, m), 7.80-7.82 (1H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 119.9, 121.2, 126.3, 126.8, 127.7, 127.9, 128.6, 129.7, 
129.8, 131.9, 132.5, 133.5, 145.3, 147.2. 
EI-MS m/z (relative intensity): 298 (M+, 100%), 155 (M+−143, 45.7%), 143 (M+−155, 54.3%), 115 (M+−183, 
39.4%), 91 (M+−207, 31.0%). 
HRMS Calcd for C17H14O3S: 298.0664, found: 298.0648. 
 
3-(p-Toluenesulfonyloxy)pyridine (65) 
According to the general procedure A, from 3-hydroxypyridine (0.50 g, 5.3 mmol), p-toluene- sulfonyl 
chloride (1.5 g, 7.9 mmol), and pyridine/CH2Cl2 (1 : 4, 30 mL) was obtained 65 as colorless plates (0.57 g, 
43%). 
Mp: 73-75 °C (lit. 75) 72-73 °C). 
IR ν (film) cm−1: 1200, 1367, 1475, 1593. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.45 (3H, s), 7.29 (1H, dd, J = 8.5, 4.8 Hz), 7.34 (2H, d, J = 8.2 
Hz), 7.46 (1H, ddd, J = 8.5, 2.6, 1.6 Hz), 7.71 (2H, d, J = 8.2 Hz), 8.16 (1H, d, J = 2.6 Hz), 8.50 (1H, dd, J = 
4.8, 1.6 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.7, 124.1, 128.5, 130.0, 130.1, 131.7, 144.0, 146.0, 146.4, 
148.2. 
EI-MS m/z (relative intensity): 249 (M+, 57.4%), 155 (M+−94, 100%), 91 (M+−153, 78.5%). 
HRMS Calcd for C12H11NO3S: 249.0460, found: 249.0442. 
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2-Phenylnaphthalene (66) 
Mp: 99-100 ºC (colorless plates from hexane, lit.76) 100-101 ºC). 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.37 (1H, t, J = 7.4 Hz), 7.43-7.51 (4H, m), 7.71-7.75 (3H, m), 
7.85-7.91 (3H, m), 8.03 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 125.6, 125.8, 125.9, 126.3, 127.3, 127.4, 127.6, 128.2, 128.4, 
128.8, 132.6, 133.7, 138.6, 141.1. 
EI-MS m/z (relative intensity): 204 (M+, 100%). 
HRMS Calcd for C16H12: 204.0939, found: 204.0923. 
 
4-Cyano-3’-methylbiphenyl (67) 
Colorless oil. 
IR ν (film) cm−1: 1607, 2226. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.43 (3H, s), 7.23-7.25 (1H, m), 7.34-7.39 (3H, m), 7.67 (2H, d, J 
= 8.2 Hz), 7.71 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.6, 110.7, 118.9, 124.3, 127.6, 127.9, 128.9, 129.3, 132.4, 
138.7, 139.1, 145.7. 
EI-MS m/z (relative intensity): 193 (M+, 100%), 178 (M+−15, 9.4%). 
HRMS Calcd for C14H11N: 193.0892, found: 193.0907. 
 
4-Cyano-2’-methylbiphenyl (68) 
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Mp: 54-56 ºC (colorless prisms from hexane/AcOEt). 
IR ν (film) cm−1: 1609, 2226. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.25 (3H, s), 7.18 (1H, d, J = 7.2 Hz), 7.25-7.33 (3H, m), 7.43 
(2H, d, J = 7.6 Hz), 7.70 (2H, d, J = 7.6 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.4, 110.7, 118.9, 126.0, 128.2, 129.3, 129.9, 130.6, 131.9, 
134.9, 139.9, 146.7. 
EI-MS m/z (relative intensity): 193 (M+, 100%), 178 (M+−15, 13.6%). 
HRMS Calcd for C14H11N: 193.0892, found: 193.0904. 
 
4-Cyano-2’-methoxybiphenyl (69) 
Mp: 72-74 ºC (colorless prisms from hexane/AcOEt). 
IR ν (film) cm−1: 1263, 1607, 2226. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.82 (3H, s), 6.96-7.07 (2H, m), 7.29 (1H, dd, J = 7.6, 1.1 Hz), 
7.38 (1H, ddd, J = 8.3, 7.6, 1.1 Hz), 7.63 (2H, d, J = 8.4 Hz), 7.68 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.6, 110.4, 111.3, 119.1, 120.3, 121.0, 129.8, 130.1, 130.5, 
131.7, 143.3, 156.2. 
EI-MS m/z (relative intensity): 209 (M+, 100%), 194 (M+−15, 24.9%), 166 (M+−43, 8.5%). 
HRMS Calcd for C14H11NO: 209.0841, found: 209.0818. 
 
4-Acetyl-4’-methoxybiphenyl (70) 
Mp: 152-153 ºC (colorless plates from hexane/AcOEt, lit.77) 154-155 ºC). 
IR ν (film) cm−1: 1296, 1601, 1674. 
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400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.63 (3H, s), 3.86 (3H, s), 7.00 (2H, d, J = 8.8 Hz), 7.57 (2H, d, J 
= 8.8 Hz), 7.64 (2H, d, J = 8.2 Hz), 8.00 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 26.6, 55.4, 114.4, 126.6, 128.4, 128.9, 132.3, 135.3, 145.4, 159.9, 
197.7. 
EI-MS m/z (relative intensity): 226 (M+, 93.6%), 211 (M+−15, 100%), 183 (M+−43, 13.7%), 168 (M+−58, 
9.9%). 
HRMS Calcd for C15H14O2: 226.0994, found: 226.0983. 
 
4-Acetyl-4’-cyanobiphenyl (71) 
Mp: 113-114 ºC (colorless prisms from hexane/AcOEt, lit.78) 115-116 ºC). 
IR ν (film) cm−1: 1603, 1684, 2226. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.65 (3H, s), 7.68 (2H, d, J = 8.2 Hz), 7.72 (2H, d, J = 8.2 Hz), 
7.76 (2H, d, J = 8.2 Hz), 8.07 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 26.8, 111.9, 118.5, 127.4, 127.8, 129.0, 132.6, 136.8, 143.4, 
144.2, 197.3. 
EI-MS m/z (relative intensity): 221 (M+, 55.6%), 206 (M+−15, 100%), 178 (M+−43, 24.4%). 
HRMS Calcd for C15H11NO: 221.0841, found: 221.0833. 
 
4-Acetyl-3’-methylbiphenyl (72) 
Colorless oil. 
IR ν (film) cm−1: 1684. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.43 (3H, s), 2.63 (3H, s), 7.33-7.37 (2H, m), 7.41-7.43 (2H, m), 
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7.67 (2H, d, J = 8.6 Hz), 8.01 (2H, d, J = 8.6 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.6, 26.7, 124.3, 127.1, 127.9, 128.8, 128.9, 131.8, 135.7, 138.5, 
139.8, 145.8, 197.6. 
EI-MS m/z (relative intensity): 210 (M+, 83.6%), 195 (M+−15, 100%), 167 (M+−43, 11.9%), 152 (M+−58, 
9.8%). 
HRMS Calcd for C15H14O: 210.1045, found: 210.1026. 
 
1-(4-Cyanophenyl)naphthalene (73) 
Mp: 79-81 ºC (colorless prisms from hexane/AcOEt, lit.79) 76-77 ºC). 
IR ν (film) cm-1: 1607, 2228. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.39 (1H, dd, J = 7.0, 1.0 Hz), 7.46 (1H, t, J = 7.0 Hz), 7.50-7.56 
(2H, m), 7.60 (2H, d, J = 8.4 Hz), 7.75-7.79 (3H, m), 7.90-7.94 (2H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 111.1, 118.9, 125.1, 125.2, 126.1, 126.5, 126.9, 128.4, 128.7, 
130.7, 130.8, 132.0, 133.7, 138.1, 145.5. 
EI-MS m/z (relative intensity): 229 (M+, 100%). 
HRMS Calcd for C17H11N: 229.0892, found: 229.0896. 
 
1-(3-Methylphenyl)naphthalene (74) 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.43 (3H, s), 7.23-7.24 (1H, m), 7.28-7.32 (2H, m), 7.35-7.52 (5H, 
m), 7.84 (1H, d, J = 8.0 Hz), 7.88-7.91 (2H, m). 
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100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.6, 125.3, 125.6, 125.9, 126.0, 126.7, 127.1, 127.4, 127.9, 
128.0, 128.1, 130.7, 131.6, 133.7, 137.7, 140.3, 140.6. 
EI-MS m/z (relative intensity): 218 (M+, 100%), 203 (M+−15, 69.8%). 
HRMS Calcd for C17H14: 218.1096, found: 218.1078. 
 
1-(E)-Pentenylnaphthalene (75) 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 1.01 (3H, t, J = 7.3 Hz), 1.58 (2H, sext, J = 7.3 Hz), 2.31 (2H, dt, 
J = 7.3, 7.1 Hz), 6.23 (1H, dt, J = 15.6, 7.1 Hz), 7.11 (1H, d, J = 15.6 Hz), 7.40-7.52 (3H, m), 7.55 (1H, d, J = 
7.0 Hz), 7.73 (1H, d, J = 7.8 Hz), 7.82 (1H, dd, J = 7.8, 2.4 Hz), 8.12 (1H, d, J = 7.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.9, 22.7, 35.6, 123.4, 123.9, 125.5, 125.6, 125.7, 127.0, 127.1, 
128.3, 131.0, 133.5, 134.2, 135.7. 
EI-MS m/z (relative intensity): 196 (M+, 68.5%), 167 (M+−29, 100%), 153 (M+−43, 26.0%), 128 (M+−68, 
2.7%). 
HRMS Calcd for C15H16: 196.1252, found: 196.1237. 
 
2-(4-Methoxyphenyl)naphthalene (76) 
Mp: 130-132 ºC (colorless plates from hexane/AcOEt, lit.76) 131-133 ºC). 
IR ν (film) cm−1: 1283, 1607. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.86 (3H, s), 7.02 (2H, dt, J = 8.9, 2.0 Hz), 7.43-7.50 (2H, m), 
7.66 (2H, dt, J = 8.9, 2.0 Hz), 7.71 (1H, dd, J = 8.6, 1.8 Hz), 7.83-7.89 (3H, m), 7.98 (1H, s). 
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100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.4, 114.3, 125.0, 125.4, 125.6, 126.2, 127.6, 128.0, 128.3, 
128.4, 132.3, 133.6, 133.8, 138.2, 159.3. 
EI-MS m/z (relative intensity): 234 (M+, 100%), 219 (M+−15, 31.1%), 191 (M+−43, 9.7%). 
HRMS Calcd for C17H14O: 234.1045, found: 234.1026. 
 
2-(4-Cyanophenyl)naphthalene (77) 
Mp: 148-150 ºC (colorless prisms from hexane/AcOEt). 
IR ν (film) cm−1: 2224. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 7.51-7.56 (2H, m), 7.70 (1H, dd, J = 8.4, 1.6 Hz), 7.75 (2H, d, J = 
8.4 Hz), 7.81 (2H, d, J = 8.4 Hz), 7.87-7.96 (3H, m), 8.05 (1H, s). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 110.9, 118.9, 124.8, 126.5, 126.67, 126.70, 127.6, 127.9, 128.3, 
128.9, 132.6, 133.1, 133.4, 136.3, 145.5. 
EI-MS m/z (relative intensity): 229 (M+, 100%). 
HRMS Calcd for C17H11N: 229.0892, found: 229.0886. 
 
2-(2-Methylphenyl)naphthalene (78) 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.31 (3H, s), 7.27-7.33 (4H, m), 7.45-7.51 (3H, m), 7.76 (1H, s), 
7.84-7.88 (3H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.6, 125.7, 125.8, 126.1, 127.3, 127.4, 127.6, 127.65, 127.69, 
127.9, 129.9, 130.3, 132.2, 133.2, 135.5, 139.4, 141.8. 
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EI-MS m/z (relative intensity): 218 (M+, 100%), 203 (M+−15, 29.6%). 
HRMS Calcd for C17H14: 229.1096, found: 229.1079. 
 
2-(E)-Pentenylnaphthalene (79) 
Colorless oil. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 0.98 (3H, t, J = 7.3 Hz), 1.54 (2H, sext, J = 7.3 Hz), 2.24 (2H, dt, 
J = 7.3, 7.1 Hz), 6.35 (1H, dt, J = 16.0, 7.3 Hz), 6.54 (1H, d, J = 16.0 Hz), 7.37-7.45 (2H, m), 7.57 (1H, d, J = 
8.4 Hz), 7.66 (1H, s), 7.74-7.81 (3H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 13.9, 22.7, 35.3, 123.5, 125.2, 125.3, 126.1, 127.5, 127.7, 127.9, 
129.9, 131.4, 132.5, 133.6, 135.3. 
EI-MS m/z (relative intensity): 196 (M+, 77.0%), 167 (M+−29, 100%), 141 (M+−55, 15.7%), 128 (M+−68, 
7.4%). 
HRMS Calcd for C15H16: 196.1252, found: 196.1250. 
 
General Procedure B for Sulfonylation of Enols 
To a suspension of enols (1.0 eq.) and Et3N (1.2 eq.) in CH2Cl2 was added p-toluenesulfonyl chloride (1.2 
eq.) at 0 °C. The mixture was warmed up to room temperature and stirred until the reaction was completed. 
The solvent was removed under reduced pressure and the residue was purified by silica gel column 
chromatography using hexane/AcOEt as an eluent and recrystalli- zation from hexane/AcOEt. 
 
4-(p-Toluenesulfonyloxy)coumarin (80) 
According to the general procedure B, from 4-hydroxycoumarin (0.50 g, 3.1 mmol), p-toluene- sulfonyl 
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chloride (0.70 g, 3.7 mmol), Et3N (0.37 g, 3.7 mmol), and CH2Cl2 (15 mL) was obtained 80 as colorless 
plates (0.92 g, 94%). 
Mp: 110-111 °C. 
IR ν (film) cm−1: 1069, 1194, 1371, 1489, 1607, 1628, 1732. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.47 (3H, s), 6.31 (1H, s), 7.25-7.29 (1H, m), 7.31 (1H, d, J = 8.0 
Hz), 7.39 (2H, d, J = 8.2 Hz), 7.57 (1H, t, J = 8.0 Hz), 7.64 (1H, d, J = 8.0 Hz), 7.90 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.9, 103.6, 114.9, 116.9, 123.1, 124.5, 128.4, 130.3, 131.6, 
133.2, 146.8, 153.4, 157.7, 160.6. 
EI-MS m/z (relative intensity): 316 (M+, 24.0%), 252 (M+−64, 68.9%), 155 (M+−161, 100%), 132 (M+−184, 
19.5%), 91 (M+−225, 64.1%). 
HRMS Calcd for C16H12O5S: 316.0405, found: 316.0387. 
 
6-Methyl-4-(p-toluenesulfonyloxy)coumarin (81) 
According to the general procedure B, from 4-hydroxy-6-methylcoumarin (0.30 g, 1.7 mmol), 
p-toluenesulfonyl chloride (0.39 g, 2.1 mmol), Et3N (0.21 g, 2.1 mmol), and CH2Cl2 (10 mL) was obtained 81 
as colorless prisms (0.39 g, 70%). 
Mp: 149-151 °C. 
IR ν (film) cm−1: 1061, 1200, 1364, 1489, 1597, 1630, 1732. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.37 (3H, s), 2.47 (3H, s), 6.26 (1H, s), 7.19 (1H, d, J = 8.4 Hz), 
7.35-7.41 (4H, m), 7.90 (2H, d, J = 8.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.8, 21.7, 103.5, 114.6, 116.6, 122.7, 128.4, 130.3, 131.8, 134.2, 
134.4, 146.8, 151.6, 157.8, 160.9. 
EI-MS m/z (relative intensity): 330 (M+, 100%), 266 (M+−64, 54.8%), 212 (M+−118, 11.4%), 176 (M+−154, 
9.7%), 155 (M+−175, 100%), 132 (M+−198, 22.4%), 91 (M+−239, 73.6%). 
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HRMS Calcd for C17H14O5S: 330.0562, found: 330.0548. 
 
7-Methoxy-4-(p-toluenesulfonyloxy)coumarin (82) 
According to the general procedure B, from 4-hydroxy-7-methoxycoumarin (0.30 g, 1.6 mmol), 
p-toluenesulfonyl chloride (0.36 g, 1.9 mmol), Et3N (0.19 g, 1.9 mmol), and CH2Cl2 (10 mL) was obtained 82 
as colorless prisms (0.54 g, quant.). 
Mp: 95-97 °C. 
IR ν (film) cm−1: 1067, 1192, 1211, 1379, 1510, 1618, 1728. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.47 (3H, s), 3.86 (3H, s), 6.12 (1H, s), 6.78 (1H, d, J = 2.5 Hz), 
6.82 (1H, dd, J = 8.9, 2.5 Hz), 7.39 (2H, d, J = 8.2 Hz), 7.53 (1H, d, J = 8.9 Hz), 7.89 (2H, d, J = 8.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.8, 55.8, 100.6, 100.8, 108.2, 112.8, 124.3, 128.4, 130.3, 131.8, 
146.7, 155.5, 158.2, 161.3, 163.9. 
EI-MS m/z (relative intensity): 346 (M+, 96.6%), 282 (M+−64, 97.3%), 155 (M+−191, 85.9%), 132 (M+−214, 
100%), 91 (M+−255, 78.5%). 
HRMS Calcd for C17H14O6S: 346.0511, found: 346.0479. 
 
4-Phenylcoumarin (83) 
Yellow oil. 
IR ν (film) cm−1: 1180, 1604, 1724. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 6.38 (1H, s), 7.23 (1H, dd, J = 8.4, 7.2 Hz), 7.40-7.57 (8H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 115.2, 117.3, 119.0, 124.1, 126.9, 128.4, 128.8, 129.6, 131.8, 
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135.1, 154.1, 155.5, 160.6. 
EI-MS m/z (relative intensity): 222 (M+, 100%), 194 (M+−28, 58.0%), 165 (M+−57, 19.4%). 
HRMS Calcd for C15H10O2: 222.0681, found: 222.0665. 
 
4-(4-Methoxyphenyl)coumarin (84) 
Mp: 130-131 ºC (colorless needles from hexane/AcOEt, lit.80) 119-120 ºC). 
IR ν (film) cm−1: 1180, 1248, 1510, 1605, 1726. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.89 (3H, s), 6.34 (1H, s), 7.04 (2H, d, J = 8.4 Hz), 7.23 (1H, t, J 
= 7.6 Hz), 7.37-7.41 (3H, m), 7.52-7.57 (2H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.4, 114.2, 114.5, 117.2, 119.0, 123.9, 126.9, 127.3, 129.8, 
131.6, 154.1, 155.1, 160.7 (2 carbons). 
EI-MS m/z (relative intensity): 252 (M+, 100%), 224 (M+−28, 46.5%), 209 (M+−43, 19.3%). 
HRMS Calcd for C16H12O3: 252.0786, found: 252.0785. 
 
4-(4-Cyanophenyl)coumarin (85) 
Mp: 250-251 ºC (colorless needles from hexane/AcOEt). 
IR ν (film) cm−1: 1182, 1603, 1722, 2220. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 6.38 (1H, s), 7.24-7.27 (1H, m), 7.33 (1H, d, J = 7.2 Hz), 7.44 
(1H, d, J = 8.4 Hz), 7.57-7.61 (3H, m), 7.84 (2H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 113.7, 115.9, 117.6, 117.9, 118.1, 124.4, 126.2, 129.2, 132.4, 
O
O
OMe
O
O
CN
 132
132.6, 139.6, 153.4, 154.1, 159.9. 
EI-MS m/z (relative intensity): 247 (M+, 100%), 219 (M+−28, 78.2%), 190 (M+−57, 17.6%). 
HRMS Calcd for C16H9NO2: 247.0633, found: 247.0629. 
 
6-Methyl-4-phenylcoumarin (86) 
Yellow oil. 
IR ν (film) cm−1: 1180, 1616, 1724. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.33 (3H, s), 6.35 (1H, s), 7.24-7.25 (1H, m), 7.30 (1H, d, J = 8.6 
Hz), 7.35 (1H, dd, J = 8.6, 1.6 Hz), 7.43-7.45 (2H, m), 7.52-7.54 (3H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.0, 115.1, 117.0, 118.6, 126.6, 128.3, 128.8, 129.5, 132.8, 
133.8, 135.3, 152.2, 155.5, 160.8. 
EI-MS m/z (relative intensity): 236 (M+, 100%), 208 (M+−28, 41.2%). 
HRMS Calcd for C16H12O2: 236.0837, found: 236.0831. 
 
4-(4-Methoxyphenyl)-6-methylcoumarin (87) 
Mp: 128-130 ºC (colorless prisms from hexane/AcOEt, lit.81) 132-134 ºC). 
IR ν (film) cm−1: 1178, 1248, 1512, 1607, 1724. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.35 (3H, s), 3.90 (3H, s), 6.32 (1H, s), 7.05 (2H, d, J = 8.6 Hz), 
7.26-7.36 (3H, m), 7.41 (2H, d, J = 8.6 Hz). 
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100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.9, 55.4, 114.3, 114.7, 117.1, 118.9, 126.7, 127.6, 129.9, 132.8, 
133.7, 152.4, 155.3, 160.8, 161.1. 
EI-MS m/z (relative intensity): 266 (M+, 100%), 238 (M+−28, 49.8%), 223 (M+−43, 20.6%), 195 (M+−71, 
4.6%), 160 (M+−106, 15.3%), 132 (M+−134, 5.6%). 
HRMS Calcd for C17H14O3: 266.0943, found: 266.0948. 
 
7-Methoxy-4-phenylcoumarin (88) 
Mp: 107-109 ºC (colorless prisms from hexane/AcOEt, lit.82) 110-111 ºC). 
IR ν (film) cm−1: 1150, 1281, 1508, 1609, 1726. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.88 (3H, s), 6.21 (1H, s), 6.79 (1H, dd, J = 8.8, 2.6 Hz), 6.89 (1H, 
d, J = 2.6 Hz), 7.38 (1H, d, J = 8.8 Hz), 7.42-7.44 (2H, m), 7.49-7.52 (3H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.8, 101.1, 111.8, 112.3, 112.5, 127.9, 128.3, 128.7, 129.5, 
135.5, 155.7, 155.9, 161.1, 162.7. 
EI-MS m/z (relative intensity): 252 (M+, 100%), 224 (M+−28, 48.8%), 209 (M+−43, 22.0%). 
HRMS Calcd for C16H12O3: 252.0786, found: 252.0820. 
 
7-Methoxy-4-(4-methoxyphenyl)coumarin (89) 
Mp: 159-160 ºC (colorless needles from hexane/AcOEt). 
IR ν (film) cm−1: 1150, 1248, 1512, 1611, 1726. 
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400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.885 (3H, s), 3.887 (3H, s), 6.19 (1H, s), 6.80 (1H, dd, J = 9.0, 
2.6 Hz), 6.89 (1H, d, J = 2.6 Hz), 7.03 (2H, d, J = 8.6 Hz), 7.40 (2H, d, J = 8.6 Hz), 7.45 (1H, d, J = 9.0 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 55.4, 55.8, 101.1, 111.4, 112.2, 112.7, 114.3, 128.0, 128.4, 129.8, 
130.3, 155.5, 156.1, 161.3, 162.7. 
EI-MS m/z (relative intensity): 282 (M+, 100%), 254 (M+−28, 80.3%), 239 (M+−43, 30.3%), 211 (M+−71, 
7.6%). 
HRMS Calcd for C17H14O4: 282.0892, found: 282.0887. 
 
6-Methyl-4-(p-toluenesulfonyloxy)-2-pyranone (90) 
According to the general procedure B, from 4-hydroxy-6-methyl-2-pyranone (0.50 g, 4.0 mmol), 
p-toluenesulfonyl chloride (0.91 g, 4.8 mmol), Et3N (0.48 g, 4.8 mmol), and CH2Cl2 (20 mL) was obtained 90 
as colorless prisms (1.0 g, 94%). 
Mp: 100-102 °C (lit. 83) 101.2-102.0 °C). 
IR ν (film) cm−1: 1180, 1194, 1387, 1570, 1641, 1740. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.24 (3H, s), 2.48 (3H, s), 5.81 (1H, s), 6.00 (1H, s), 7.39 (2H, d, 
J = 8.3 Hz), 7.82 (2H, d, J = 8.3 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.1, 21.8, 100.68, 100.73, 128.4, 130.3, 131.7, 146.7, 161.9, 
162.8, 164.2. 
EI-MS m/z (relative intensity): 280 (M+, 34.2%), 167 (M+−113, 15.5%), 155 (M+−125, 100%), 132 (M+−148, 
95.8%), 91 (M+−189, 86.9%). 
HRMS Calcd for C13H12O5S: 280.0405, found: 280.0399. 
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1-Methyl-4-(p-toluenesulfonyloxy)-2-quinolone (91) 
According to the general procedure B, from 4-hydroxy-1-methyl-2-quinolone (0.50 g, 2.9 mmol), 
p-toluenesulfonyl chloride (0.65 g, 3.4 mmol), Et3N (0.34 g, 3.4 mmol), and CH2Cl2 (15 mL) was obtained 91 
as colorless plates (0.85 g, 91%). 
Mp: 153-155 °C (lit. 84) 156 °C). 
IR ν (film) cm−1: 1080, 1178, 1377, 1456, 1499, 1595, 1661. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.45 (3H, s), 3.66 (3H, s), 6.42 (1H, s), 7.22-7.26 (1H, m), 
7.34-7.37 (3H, m), 7.60 (1H, ddd, J = 8.3, 7.3, 1.4 Hz), 7.81 (1H, dd, J = 8.3, 1.4 Hz), 7.87 (2H, d, J = 8.3 
Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.6, 29.4, 110.5, 114.2, 116.1, 122.3, 123.6, 128.3, 130.1, 132.0, 
132.1, 139.9, 146.2, 154.1, 162.0. 
EI-MS m/z (relative intensity): 329 (M+, 100%), 279 (M+−50, 21.6%), 265 (M+−64, 44.3%), 217 (M+−112, 
13.1%), 174 (M+−155, 57.3%), 167 (M+−162, 32.7%), 91 (M+−238, 33.6%). 
HRMS Calcd for C17H15NO4S: 329.0722, found: 329.0743. 
 
6-Methyl-4-phenyl-2-pyranone (92) 
Mp: 89-90 ºC (colorless plates from hexane/AcOEt, lit.85) 94 ºC). 
IR ν (film) cm−1: 1140, 1547, 1636, 1711. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.32 (3H, s), 6.31 (1H, s), 6.35 (1H, s), 7.47-7.48 (3H, m), 
7.56-7.57 (2H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.1, 103.4, 108.1, 126.6, 129.1, 130.5, 135.8, 155.5, 162.1, 
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163.4. 
EI-MS m/z (relative intensity): 186 (M+, 78.2%), 158 (M+−28, 100%), 129 (M+−57, 20.0%), 115 (M+−71, 
18.9%). 
HRMS Calcd for C12H10O2: 186.0681, found: 186.0684. 
 
4-(4-Methoxyphenyl)-6-methyl-2-pyranone (93) 
Mp: 109-111 ºC (colorless needles from hexane/AcOEt, lit.86) 114-115 ºC). 
IR ν (film) cm−1: 1186, 1254, 1545, 1607, 1638, 1705. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.31 (3H, s), 3.86 (3H, s), 6.29 (1H, s), 6.30 (1H, s), 6.98 (2H, d, 
J = 9.0 Hz), 7.54 (2H, d, J = 9.0 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.1, 55.4, 103.1, 106.4, 114.6, 127.8, 128.1, 154.7, 161.7, 161.8, 
163.6. 
EI-MS m/z (relative intensity): 216 (M+, 95.1%), 188 (M+−28, 100%), 173 (M+−43, 31.1%), 145 (M+−71, 
13.5%). 
HRMS Calcd for C13H12O3: 216.0786, found: 216.0748. 
 
4-(4-Cyanophenyl)-6-methyl-2-pyranone (94) 
Mp: 182-184 ºC (colorless plates from hexane/AcOEt). 
IR ν (film) cm−1: 1545, 1638, 1719, 2228. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.35 (3H, s), 6.26 (1H, s), 6.36 (1H, s), 7.67 (2H, d, J = 8.4 Hz), 
7.78 (2H, d, J = 8.4 Hz). 
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100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 20.2, 102.8, 109.7, 114.2, 117.9, 127.3, 132.9, 140.3, 153.4, 
162.5, 163.1. 
EI-MS m/z (relative intensity): 211 (M+, 55.1%), 183 (M+−28, 100%). 
HRMS Calcd for C13H9NO2: 211.0633, found: 211.0620. 
 
1-Methyl-4-phenyl-2-quinolone (95) 
Mp: 147-148 ºC (colorless plates from hexane/AcOEt, lit.87) 146-148 ºC). 
IR ν (film) cm−1: 1379, 1452, 1587, 1647, 1653. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.78 (3H, s), 6.69 (1H, s), 7.17 (1H, t, J = 7.6 Hz), 7.41-7.60 (8H, 
m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 29.5, 114.4, 120.4, 121.1, 121.9, 127.6, 128.5, 128.6, 128.8, 
130.6, 136.9, 140.1, 150.8, 161.8. 
EI-MS m/z (relative intensity): 235 (M+, 100%), 207 (M+−28, 17.4%). 
HRMS Calcd for C16H13NO: 235.0997, found: 235.0998. 
 
4-(4-Methoxyphenyl)-1-methyl-2-quinolone (96) 
Mp: 116-117 ºC (colorless needles from hexane/AcOEt). 
IR ν (film) cm−1: 1178, 1250, 1379, 1454, 1512, 1587, 1587, 1607, 1645, 1657, 3368. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.78 (3H, s), 3.89 (3H, s), 6.67 (1H, s), 7.02 (2H, d, J = 8.8 Hz), 
7.18 (1H, dd, J = 8.0, 7.6 Hz), 7.37 (2H, d, J = 8.8 Hz), 7.43 (1H, d, J = 8.4 Hz), 7.56-7.63 (2H, m). 
MeN
O
MeN
O
OMe
 138
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 29.4, 55.4, 114.0, 114.4, 120.7, 121.0, 121.8, 127.7, 129.4, 130.2, 
130.6, 140.4, 150.7, 160.0, 162.1. 
EI-MS m/z (relative intensity): 265 (M+, 100%), 222 (M+−43, 15.5%). 
HRMS Calcd for C17H15NO2: 265.1103, found: 265.1091. 
 
4-(4-Cyanophenyl)-1-methyl-2-quinolone (97) 
Mp: 185-186 ºC (colorless needles from hexane/AcOEt). 
IR ν (film) cm−1: 1379, 1454, 1587, 1605, 1659, 2230. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.79 (3H, s), 6.66 (1H, s), 7.20 (1H, dd, J = 7.8, 7.4 Hz), 7.39 (1H, 
d, J = 7.8 Hz), 7.47 (1H, d, J = 8.7 Hz), 7.55 (2H, d, J = 8.0 Hz), 7.62 (1H, dd, J = 8.7, 7.4 Hz), 7.81 (2H, d, J 
= 8.0 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 29.5, 112.7, 114.7, 118.2, 119.5, 121.6, 122.2, 127.0, 129.7, 
131.1, 132.4, 140.3, 141.7, 148.9, 161.4. 
EI-MS m/z (relative intensity): 260 (M+, 100%), 232 (M+−28, 47.2%), 190 (M+−70, 22.9%). 
HRMS Calcd for C17H12N2O: 260.0950, found: 260.0951. 
 
4-Methanesulfonyloxybenzonitrile (98) 
According to the general procedure A, from 4-cyanophenol (0.50 g, 4.2 mmol), methane- sulfonyl chloride 
(0.72 g, 6.3 mmol), and pyridine/CH2Cl2 (1 : 4, 25 mL) was obtained 98 as colorless plates (0.80 g, 96%). 
Mp: 92-93 °C (lit. 88) 90 °C). 
IR ν (film) cm−1: 1153, 1202, 1362, 1499, 1601, 2233. 
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400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.23 (3H, s), 7.42 (2H, d, J = 9.2 Hz), 7.75 (2H, d, J = 9.2 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 38.2, 111.5, 117.6, 123.0, 134.2, 151.9. 
EI-MS m/z (relative intensity): 197 (M+, 50.0%), 119 (M+−78, 100%), 79 (M+−118, 23.8%). 
HRMS Calcd for C8H7NO3S: 197.0146, found: 197.0128. 
 
4-Methanesulfonyloxyacetophenone (99) 
According to the general procedure A, from 4-acetylphenol (0.50 g, 3.7 mmol), methane- sulfonyl chloride 
(0.63 g, 5.5 mmol), and pyridine/CH2Cl2 (1 : 4, 25 mL) was obtained 99 as colorless plates (0.78 g, 97%). 
Mp: 68-69 °C. 
IR ν (film) cm−1: 1157, 1175, 1205, 1375, 1501, 1597, 1682. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.61 (3H, s), 3.20 (3H, s), 7.38 (2H, d, J = 8.8 Hz), 8.03 (2H, d, J 
= 8.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 26.6, 37.9, 122.0, 130.4, 135.9, 152.4, 196.4. 
EI-MS m/z (relative intensity): 214 (M+, 46.6%), 199 (M+−15, 100%), 121 (M+−93, 57.1%), 79 (M+−135, 
3.9%). 
HRMS Calcd for C9H10O4S: 214.0300, found: 214.0269. 
 
1-Methanesulfonyloxynaphthalene (100) 
According to the general procedure A, from 1-naphthol (0.50 g, 3.5 mmol), methanesulfonyl chloride (0.60 
g, 5.2 mmol), and pyridine/CH2Cl2 (1 : 4, 20 mL) was obtained 100 as colorless plates (0.76 g, 92%). 
Mp: 35-36 °C. 
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IR ν (film) cm−1: 1151, 1180, 1221, 1367, 1507, 1599. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.20 (3H, s), 7.46 (1H, t, J = 8.0 Hz), 7.51-7.61 (3H, m), 7.80 
(1H, d, J = 8.4 Hz), 7.88 (1H, d, J = 8.0 Hz), 8.13 (1H, d, J = 8.0 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 37.9, 118.3, 121.4, 125.3, 126.9, 127.0, 127.2, 127.3, 128.0, 
134.9, 145.3. 
EI-MS m/z (relative intensity): 222 (M+, 30.7%), 143 (M+−79, 71.4%), 115 (M+−107, 100%). 
HRMS Calcd for C11H10O3S: 222.0351, found: 222.0340. 
 
2-Methanesulfonyloxynaphthalene (101) 
According to the general procedure A, from 2-naphthol (0.50 g, 3.5 mmol), methanesulfonyl chloride (0.60 
g, 5.2 mmol), and pyridine/CH2Cl2 (1 : 4, 20 mL) was obtained 101 as colorless prisms (0.61 g, 74%). 
Mp: 101-102 °C (lit. 89) 103.5-104.5 °C). 
IR ν (film) cm-1: 1177, 1209, 1364, 1508. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.13 (3H, s), 7.41 (1H, dd, J = 9.0, 2.6 Hz), 7.50-7.57 (2H, m), 
7.76 (1H, d, J = 2.0 Hz), 7.84-7.91 (3H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 37.4, 119.4, 120.8, 126.6, 127.1, 127.8, 127.9, 130.3, 132.1, 
133.6, 146.8. 
EI-MS m/z (relative intensity): 222 (M+, 32.3%), 143 (M+−79, 39.7%), 115 (M+−107, 100%). 
HRMS Calcd for C11H10O3S: 222.0351, found: 222.0341. 
 
3-Methanesulfonyloxypyridine (102) 
According to the general procedure A, from 3-hydroxypyridine (0.50 g, 5.3 mmol), methane- sulfonyl 
chloride (0.90 g, 7.9 mmol), and pyridine/CH2Cl2 (1 : 4, 30 mL) was obtained 102 as colorless needles (0.46 
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g, 51%). 
Mp: 57-58 °C (lit. 90) 60 °C). 
IR ν (film) cm−1: 1178, 1202, 1377, 1479, 1576, 1587, 3421. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.22 (3H, s), 7.40 (1H, dd, J = 8.5, 4.8 Hz), 7.68 (1H, dt, J = 8.5, 
1.4 Hz), 8.59-8.60 (2H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 37.8, 124.4, 129.7, 143.6, 146.0, 148.5. 
EI-MS m/z (relative intensity): 173 (M+, 88.4%), 95 (M+−78, 100%). 
HRMS Calcd for C6H7NO3S: 173.0147, found: 173.0110. 
 
第 3 章第 2 節に関する実験 
 
Typical Procedure for Nickel-Catalyzed Suzuki-Miyaura Coupling Reaction (Table 3-10, entry 
8) 
A mixture of 4-cyanobenzyl bromide (19.6 mg, 0.10 mmol), phenylboronic acid (36.6 mg, 0.30 
mmol), 34d (3.6 mg, 0.0050 mmol), K3PO4 (43.0 mg, 0.20 mmol), and MeCN (1 mL) in a sealed 
tube was heated to 100 °C for 24 h. After cooling to room temperature, the reaction mixture was 
treated with H2O (15 mL) and extracted with AcOEt (15 mL x 3). The combined extracts were 
washed with saturated aqueous NaCl (15 mL x 3) and the organic layer was dried over MgSO4. The 
solvent was removed under reduced pressure and the residue was purified by silica gel column 
chromatography using hexane/AcOEt (9 : 1) as an eluent to obtain 103 as a colorless oil (15.6 mg, 
81%).  
 
4-Benzylbenzonitrile (103) 
IR ν (film) cm−1: 2228. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 4.03 (2H, s), 7.15 (2H, d, J = 7.8 Hz), 7.21-7.32 (5H, m), 
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7.56 (2H, d, J = 7.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 42.0, 110.0, 118.9, 126.7, 128.7, 128.9, 129.5, 132.2, 
139.2, 146.6. 
EI-MS m/z (relative intensity): 193 (M+, 100%). 
HRMS Calcd for C14H11N: 193.0892, found: 193.0905. 
 
4-(4’-Methoxybenzyl)benzonitrile (105) 
IR ν (film) cm−1: 1248, 2226. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.79 (3H, s), 3.97 (2H, s), 6.84 (2H, d, J = 8.3 Hz), 7.06 
(2H, d, J = 8.3 Hz), 7.25-7.27 (2H, m), 7.55 (2H, d, J = 8.3 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 41.1, 55.3, 109.9, 114.1, 118.9, 129.4, 129.8, 131.3, 
132.1, 147.1, 158.2. 
EI-MS m/z (relative intensity): 223 (M+, 100%), 208 (M+−15, 35.1%), 192 (M+−31, 15.7%), 180 
(M+−43, 21.1%), 121 (M+−102, 30.5%), 116 (M+−107, 14.4%). 
HRMS Calcd for C15H13NO: 223.0997, found: 223.0988. 
 
4-Benzylanisole (106) 
IR ν (film) cm−1: 1246. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.78 (3H, s), 3.92 (2H, s), 6.82 (2H, d, J = 8.4 Hz), 7.10 
(2H, d, J = 8.4 Hz), 7.16-7.20 (3H, m), 7.25-7.29 (2H, m). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 41.0, 55.2, 113.9, 126.0, 128.4, 128.8, 129.4, 129.8, 
141.6, 158.0. 
EI-MS m/z (relative intensity): 198 (M+, 100%), 183 (M+−15, 16.1%), 167 (M+−31, 35.3%), 121 
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(M+−77, 28.4%), 91 (M+−107, 7.2%), 77 (M+−121, 5.6%). 
HRMS Calcd for C14H14O: 198.1045, found: 198.1016. 
 
4,4’-Methylenebisbenzonitrile (107) 
IR ν (film) cm−1: 2228. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 4.10 (2H, s), 7.27 (4H, d, J = 7.8 Hz), 7.60 (2H, d, J = 
7.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 41.9, 110.6, 118.5, 129.6, 132.4, 144.7. 
EI-MS m/z (relative intensity): 218 (M+, 100%). 
HRMS Calcd for C15H10N2: 218.0844, found: 218.0835. 
 
4-(3’-Methylbenzyl)benzonitrile (108) 
IR ν (film) cm−1: 2228. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 2.32 (3H, s), 3.98 (2H, s), 6.94-6.96 (2H, m), 7.05 (1H, 
d, J = 7.6 Hz), 7.20 (1H, t, J = 7.6 Hz), 7.28 (1H, d, J = 8.4 Hz), 7.56 (1H, d, J = 8.4 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 21.4, 41.9, 110.0, 119.0, 126.0, 127.4, 128.6, 129.6, 
129.7, 132.3, 138.4, 139.2, 146.9. 
EI-MS m/z (relative intensity): 207 (M+, 100%), 192 (M+−15, 88.2%), 116 (M+−91, 1.8%), 105 
(M+−102, 8.2%), 91 (M+−116, 13.1%). 
HRMS Calcd for C15H13N: 207.1048, found: 207.1032. 
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Methyl 4-Benzylbenzoate (109) 
IR ν (film) cm−1: 1279, 1720. 
400 MHz 1H-NMR (CDCl3/TMS) δ (ppm): 3.88 (3H, s), 4.01 (2H, s), 7.16 (2H, d, J = 7.8 Hz), 
7.20-7.30 (5H, m), 7.94 (2H, d, J = 7.8 Hz). 
100 MHz 13C-NMR (CDCl3/TMS) δ (ppm): 41.9, 52.0, 126.3, 128.0, 128.5, 128.8, 129.7, 129.9, 
140.0, 146.4, 166.9. 
EI-MS m/z (relative intensity): 226 (M+, 97.7%), 211 (M+−15, 3.7%), 195 (M+−31, 42.7%), 167 
(M+−59, 100%). 
HRMS Calcd for C15H14O2: 226.0994, found: 226.0983. 
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